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EUSTIS DIRECTORATE POSITION STATEMENT

The issue of helicopter reliability growth during development has-been a major area of
concern within the Army R&D community for several years. The findings presented in
this report represent a significant step toward gaining a much |mproved insight-into
reliability growth rate and the factors that control-it. Attention is specifically directed-
to the findings pertaining to the rather small-growth which one should expect durlng the
development phase; this directly contradicts previously established positions that
substantial reliability growth during the early portion of the developmental phase was
achievable. The contractor’s position that lead time for corrective actions prohibits any
significant growth during the development phase is well founded and-considered to be
fully accééptable. The findings:presented in the:report.are recommended for direct use-
in new helicopter system development program ‘test planning. However, this Dlrectorate
believes that the.subject of reliability growth for helicopters will never lend itself to exact

.quantification; consequently, the reader should examine in detail all-assumptions provided

in the report prior to direct use of the program results.

Thomas L. House of theMilitary Operations Technology Division served as Project
Engineer for this effort,

DISCLAIMERS

The findings in this report are not to be construed as an official Department of the Army position unless so
designated by other authorized documents.

When Government drawings, specifications, or other data are used for any purpose other than in connection
with a definitely related Government procurement operation, the United States Government thereby incurs no
responstblmy nor any obligation whatsoever; and the fact that the Government may have formulated, furnished,
or in any way supplied the said drawings, specifications, or other data is not to be regarded by implication or
otherwise as in any manner licensing the hplder or any other person or corporatnon, or conveying any rights or
permission, to manufacture, use, or sell any patented invention that may in any way be related thereto.

Trade names cited in this report do not constitute an official endorsement or approval of the use of such
commercial hardware or software.

DISPOSITION INSTRUCTIONS

Destroy this report when no longer needed. Do not return it to the originator.
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PREFACE

This report provides a historical reliability growth assess-
ment for the UH-1D and AH-1G helicopters and a reliability
growth prediction technique for helicopters. The analysis was
conducted under Contract DAAJ02-73-C~0097 for the Eustis
Directorate, U. S. Army Air Mobility Research and Development
Laboratory (USAAMRDL), Fort Bustis, Virginia, with technical
direction provided by Messers. T. L. House and V. W. Welner.

The author wishes to express appreciation for the technical
assistance of Messrs. J. A. Gean, Chief of Reliability,
Maintenance Technology, and System Safety, Bell Helicopter
Company, and G. E. Knudsen, Group Engineer for Reliability,
Bell Helicopter Company. Their efforts made a significant
contribution to the performance of this program.
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1.0 INTRODUCTION

The prediction and measurement of reliability growth during
the development of new systems has become a major issue in
the Department of Defense. The program planning requirements
for UTTAS (Utility Tactical Transport Aircraft System) and

ig ) AAH (Advanced Attack Helicopter) dictate that reliability
8 ¥ ¢ milestones be established and the development test effort be
5 . tailored to achieve the projected reliability dgrowth for the

] new systems. It has become apparent that the only reasonable
§ way to derive expected reliability growth rates is to perform
an in-depth analysis of previously developed similar systems.
Helicopter reliability growth histories can be explored, and
from extrapolatiocn of the data a prediction technique may be
formed. Although certain work has been conducted to under-
stand reliability growth for helicopter major dynamic com-
ponents (transmission, rotor heads, etc.), an analysis of
system level growth has not been accomplished.

W,
NERT A

Ei s L Loihie =

There is currently a prediction technigue, the RPM (Relia-
bility Plannirg and Management) method,! that works quite
well for complex electronic equipment. It is statistically
sound and easy to apply. Because of this, it is tempting to
apply it to systems that it does not fit. Further, it re-
quires an execcise in engineering judgment in selecting
values for its parameters. Small errors in selecting these
values can cause large errors in test time requirements. In
addition, there has not been a study to substantiate its use
for helicopters.

The goals of this study were to evaluate the reliability
growth histories of three helicopters, the UH-1D, the AH-1G,
and the OH-58A, and to determine growth characteristics and
parameters that may be applicable to future aircraft develop-
ment. Early in the analysis it was found that the data
required to support an analysis of the OH-58A reliability
growth was not available. This aircraft was dropped and the
study was centered around the UH-1D and AH-1G. An account of
the factors leading to termination of the OH-58A analysis is
presented in Appendix A. The UH-1D and AH-1G growth histories
were evaluated to determine if they are typical of the RPM
technique. If they are not typical, then a basis for a

-

'Miller, S. G., and Selby, J. D., Reliability Planning and
Management (RPM), The General Electric Company, Utica,
New York, September 26, 1970.
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viable prediction techniqgue must be developed. The UH-1D and 4
AH-1G are, respectively, utility and attack helicopters which }
have been produced and used in large juantities for sufficient e
flight hours to make their use feasible in such an evaluation.
Further, under the M&R program,?:3?:“ a controlled sample of
helicopters from each UH-1D and AH-1G fleet was monitored for

failure and unscheduled maintenance actions. These data were
subsequently used to introduce design changes. These in turn

led to the reliability growth experienced by these two air-

craft. The data from the M&R program were used in this study g
to determine the rate of reliability growth and to determine

the growth characteristics of the UH-1D and AH-1G.

In addition to the M&R program, there were other data sources
investigated in support of this study. Several analyses were
E conducted, but did not further this study. Appendix A
presents these sources with the various reasons for their
rejection.

e T i FUU Ve

The Mean-Time-Between-Removals (MTBR) parameter and its re-
lationship to subsystem level reliability growth was inves-

. ‘ tigated. However, it was found that the data were not in a

k‘ | form that would allow the reguired information to be extracted
= . | in a cost-effective manner. Budget and time considerations

- i dictated that this part of the study be abandoned.

As the study progressed, it became apparent that many factors
influenced reliability growth and had to be examined. It
also became obvious that the time and funds available limited
the depth of examination of all factors and required careful
direction of the effort in order to accomplish the most with
the funds available.

2Contract AF 33-657-11111, UH-1 Maintainability and Reliability
(M&R) Program, May 1965 through January 1966.

3Contract DA23-204-AMC-03694(T), UH-1 M&R Program, January 1966
through April 1967.

.

- ' “Contract DAAJOl-67-C~1588(G), UH-1/AH-1 M&R Program, April 1967
: through June 1970.




- Some of the factors affecting reliability growth are:

- rate of test time accumulation
- rate of failure mode identification
- rate of problem corrective action initiation

- cost of corrective action

- time lag between initiation of corrective action
and the incorporation of redesigned hardware
on the helicopter

- program intensity

These and other factors were examined for their individual
impact on reliability growth.
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2.0 APPROACH

2.1 BASIC CONSIDERATIONS

In the past, references to reliability growth have been
associated with development programs for new equipment. Forxr
that reason, the original intent of this contract was to
closely examine bench test records, quality conformance
tests, and flight test records. It was planned that data
could then be extracted from them that would allow relia-
bility growth tracking during their development period. 1In
examining these records, it became obvious early in the
program that the required information was not available in
any form that would allow reliability growth to be tracked
against test hours. Further, none of the three aircraft had
formal reliability programs during development. However, the
UH-1D and the AH-1G were subjects of an M&R program during
their early production years. It is reasonable to assume
that the periods of R&M monitoring are the development phases
of these aircraft since a concerted effort was being made to
eliminate specific failure modes.under a contrclled program.
A 2400-flight hour reliability and maintainability demonstra-
tion was the only test program conducted on the OH-58A produc-
tion aircraft. Only two aircraft of the same fiscal year
model were used. Although current reliability was tracked,
reliability growth was not. The data were not used specifi-
cally for eliminating failure modes. Design changes were
made based on the data; however, this did not constitute a
development program. Therefore, no attempt was made to use
the data for reliability growth study purposes.

Subsystems not required for flight by the basic helicopter
were not considered in this study. This was done to eliminate
hardware not common to the UH-1D and the AH-1G, and to keep
the subject of the study centered around the air vehicle.

For these reasons, communications and navigation avionics and
weapons subsystems equipment were not considered in the

aircraft failure rates.

The goals of this study were accomplished by the following
tasks, discussed in chronological ordexr. The UH-1D and AH-1G
reliability growth histories were examined and significant
characteristics discussed. The growth histories were then
compared to each other, establishing those points where they
are alike and where they differ. Included is a discussion of
the various stimuli that influenced the reliability growth
rates of the helicopters and the effect that each may have
had. WNext, the parameters of the RPM technique for relia-
bility growth prediction were applied to the growth histories

16
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of the two aircraft. A limited prediction technique was then
developed based on the reliability growth experiences of the
UH-1D and AH-1G.

2.2 APPROACH TO RELIABILITY GROWTH ASSESSMENT OF UH-1D AND
AH-1G HELICOPTERS

2.2.1 Factors That Led to Use of M&R Program Data

Reliability growth of UH-1D and AH-1G helicopters was attained
by detecting and defining existing and potential problems and
by initiating and incorporating corrective action. The UH-1/
AH-1 M&R Program provided the only documented history of such
events including, in most cases, verification of problem
correction. Accountability required for individual failures,
time bases, and corrective actions provided the foundation for
the reliability growth assessment presented in this report.
The M&R data supplied further information on component/system
description, failure modes, problem analysis, recommendations
and status. The M&R Program for both the UH-1D and the AH-1G
based its activities on failure monitoring of delivered pro-
duction aircraft in their real-life environment. Reliability
growth is evaluated by measurement of those incremental failure
rate improvements induced by each corrective action incorpo-
rated on subsequently manufactured aircraft.

2.2.2 Discussion of UH-1D/AH-1G Helicopters Monitored by the
M&R Program

Neither the UH~1D nor the AH-1G had formal reliability programs
during their design phases. Thus, the M&R program had no
development program impact on these aircraft. This and the
shortcomings of other sources investigated (see Appendix A)
have precluded attempts to make a historical reliability

growth assessment for these helicopters during the period
between program inception and first flight. This study
investigated reliability growth beginning with initial air-
craft deliveries.

M&R program data covered more fiscal year (FY) configurations
for the UH-1D than it did for the AH-1G. 1In the course of the
program, begun in June 1964, five fiscal year configurations
of the UH-1D were monitored. The data include FY62 through
FY66 aircraft, with monitoring ending August 1967. Records of
corrective action production effectivity permitted reliability
growth to be calculated through the FY69 production UH-1D.
AH-1G failure monitoring began in June 1967 and ended with
program termination in October 1969. Included were data
samples from FY66, FY67, and FY68 aircraft. Corrective action
effectivities permitted reliability growth to be calculated




RS o

through the FY70 production AH-1G. Reliability growth for
eight FY production models of the UB-1D is compared to that
for five of the AH-1G.

Reliability growth of the UH-1D and AH-1G resulted mostly from
design changes initiated to eliminate specific failure modes.
Tables 1 and 2 summarize those changes that were made to each
new UH-1D and AH-1G fiscal year model, respectively, that made
it a unique configuration with a corresponding unique MTBF.
Nonhardware changes included procedural changes and technical
manual changes.

2.2.3 Ms&R Indexed Problems Used in the Analysis

The M&R Program Monthly Progress Report® was used to establish
the causes for reliability growth and operating or test time
required to identify the problems and validate their corrective
action. Information used to establish the facts and chronol-
ogy of these events was found in problem narratives of the
monthly progress report. These problems were assigned an index
number when they were initially researched. In general, seven
occurrences of a failure mode were considered to justify an
investigation to determine whether a problem truly existed.
However, safety-of-flight failure modes were considered to be
identified problems the first time they occurred. Numbers 1
through 133 are UH-1D related problems. Numbers 601 through
883 are AH-1G related problems.

Tables 3 and 4 present summaries of the UH-1D and AH-1G problems
addressed in the progress report. They show equipment failure
rates (where corrective action was accomplished) prior to
corrective action (AO) and subsequent to corrective action

(Al). Notes and comments provide details on individual probliem

disposition at the end of the M&R program.
Of the 133 UH-1D problems identified:
- 61 had corrective action.
- 30 were avionics, navigation, or weapons subsystem

equipment failures and thus were not applicable
to this project.

SFox, R. G., UH-1, AH-1G Maintainability and Reliability
Program (M&R) Monthly Progress Report, Report Number 205-099-
157, Revision AW, Bell Helicopter Company, Fort Worth, Texas
76101, June 30, 1970.
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- 8 were not considered to be significant at the time
and were closed without corrective action.

- 2 were "lived with" as no feasible solution exists.

- 17 had corrective actions proposed which were pending
when the UH-1D portion of the M&R program ended.

~ 15 had corrective actions recommended which were re-
* jected by the customer.

Rejections were usually based on the lack of cost effective-

. ness, lead time problems, and other factors recorded in the
minutes of the M&R program monthly meetings.

\i Of the 283 AH-1G problems identified:

- 92 had corrective action.

- A - 88 were avionics, navigation, or weapons subsystem

f ! equipment failure and thus were not applicable to this

project.

- 22 were not considered to be significant and were
dropped without corrective action.

- 1 was "lived with" as no feasible sclution exists.

- 77 either had solutions pending or had investigations
{ still in progress when the M&R program was terminated.

3 had corrective action rejected by the customer.

2.2.4 Procedure Used To Analyze the M&R Program Data

The same technique was used to assess reliability growth for
both the UH-1D and the AH-1G. In general, the analysis is
based on measurement of the change of aircraft fai.ure rate
resulting from corrective action. The corrective actions in
the form of altered designs, deletion of parts, substitution
of parts, configuration changes, procedural changes, etc.,
were inititated to alleviate specific failure modes with known
failure rates. By subtracting from the total aircraft failuare
rate the amount by which corrective action decreased these
known failure rates, reliability growth was established.

This was accomplished in the following steps:
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- Monitored flight hour values were determined from
' computer listings of monitored aircraft. An example
4 of these listings is presented in Figure 1.
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- The components that experienced a reliability
improvement were determined from problem narratives
in the 205-099-157 UH-1, AH~1G M&R Monthly Progress
Report. An example of these narratives is presented
in Figure 2.

- Failure rates prior to corrective action (Ao) and
following corrective action (Al) and the effectivity

dates of the corrective action were established for
those of components that experienced a reliability
improvement. The problem narratives provided the
effectivity of the problem corrective actions. The »
failure rates, xo and Al’ were determined from failure

counts and time bases. The MTBF, values were computed
by dividing the number of failures experienced by a
component prior to receiving corrective action into
the number of flight hours accumulated prior to the
effectivity date of the corrective action. Taking

: the reciprocal of that MTBF provided the failure

rate, Ao. The MTBFl values were computed by dividing

the rrumber of failures experienced by a component
after receiving coxrective action into the accumu-
lated flight time following the effectivity date of
the corrective action. Examples of the data listings
from which the failure counts were made are presented
in Figures 3 and 4. ©Note that many of the corrected
problems exhibited a residual failure rate of zero,
i.e., Al = 0. This occurred due to either of two

EORA T AN R e

reasons; the problem component was eliminated from the
helicopter or the redesigned component experienced no
failures during the subsequent monitoring period.

T S TR T R TR

- A baseline failure rate was computed from failures

of those components that did not experience a relia-

bility improvement, i.e., received no design change.

This was accomplished by counting those failures and

dividing that number into the total aircraft time
; base for a baseline MTBF. The reciprocal is the
! baseline failure rate. Tables 5 and 6 are baseline
‘ failure rate summaries for the UH-1D and AH-1G, .
.y | respectively. Failure counts are shown that per-

' mitted a baseline failure rate to be calculated for

f each subsystem. The sum of the subsystem baseline .
‘ failure rates is the total aircraft baseline failure

i rate.
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~ By grouping ko's and Al's of the corrected problems

by the fiscal year effectivity of their correction
and summing those rates for each fiscal year with
the baseline failure, the total aircraft failure
rate is computed for each fiscal year. Figure 5
illustrates this procedure. Tables 7 and 8 and
Figures 6 and 7 present the UH-1D and AH-1G growth
summaries.

Note that these plots show the MTBF attained by each FY heli-
copter at the time of its entry into service. The 7.8-hour
off~-board value for the YUH-1D is the off-board MTBF as
defined by the Army 1000-hour Logistical Evaluation.® The
6.6-hour value for lots 4 and 5 FY 66 AH-1G's is the off-board
MTFB established by early CONUS monitoring of the AH-1G prior
to delivery of the AH-1G to Vietnam.

Note in Tables 5 an¢ 6 the flight hour values used in com-
puting the baseline failure rates. The total M&R program
flight time was 49,947 hours for the UH-1D. However, the UH-1D
baseline failure rate is computed from a time base of 24,824
flight hours. Early in the UH-1D analysis portion of this
study it was believed that the accuracy of the M&R program
data could be increased by selecting only certain aircraft

for use in the analysis. The selection criteria were designed
to:

- eliminate infant mortality failures,

- provide data from aircraft with a continuous monitoring
history,

- omit those aircraft where evidence of incomplete
failure reporting existed, and

- reduce the influence of the first component overhauls.

These criteria resulted in 26 UH-1D aircraft being selected
whose total M&R flight time was 24,824 hours. Selection of
these aircraft was tedious and time consuming. The UH-1D
analysis using those 26 aircraft was performed, with the re-
sults being presented in this study. Prior to the start of
the AH-1G work, a sensitivity analysis was conducted to
determine what differences in outcome, if any, resulted from

Y. S. Army Transportation Aircraft and Support Activity, 1000-
Hour Logistical Evaluation - YUH-1D, Fort Rucker, Alabama, 1962.
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using selected aircraft versus all of the monitored aircraft.
i No differences were found to exist. Therefore, the AH-1G
analyses were conducted using all of the monitored aircraft.
Since there was nothing to be gained by reworking the UH-1D
analyses using all of the monitored UH-1D aircraft and since
the cost of rework was high, the analysis was left in its
current form.

2.2.5 Cautions Discussed for Programs With Similaxr Goals

The intent of the M&R programs was to identify and correct

problems. In accomplishing this, the UH~1D and AH-1G aircraft
experienced significant reliability growth. It is not unreason- .
able to review the approach of the M&R priogram and compare that

to another program designed to accomplish similar goals. The
Eustis/Boeing approach’ déserves particular attention. Its

logic is that:

~ If one generally knows the modes of failure that

‘ will occur on components of a newly designed helicop-

o ter, reliability tests run for a period twice the MTBF
of a particular failure mode will have an 87 percent

3 probability of exposing that mode, thus permitting its
4 . ’ & - correction. Further, if the requirement is to expose
as many failure modes as possible egqual to or less than
a given MTBF, testing can be conducted for a period
twice the given MTBF value, then 87 percent of those
3 failure modes with an MTBF equal to the given MTBF
f value will be exposed. For those failure modes with
i

MTBF's less than the given value, greater than 87 per-
cent will be exposed.

: Note that most of the helicopter failure modes listed as identi-
f fied and corrected in Tables 3 and 4 have an MTBF equal to or

: less than 5,000 hours. Using the Eustis/Boeing approach it

: might be logical to assume that a 10,000 test period spread

) : over several prototype vehicles could have yielded close to

; the same results obtained on the UH-1D and AH-1G M&R programs
where monitored flight hours were 50,000 and 66,000 hours,

"Rummel, K. G., "Helicopter Development Reliability Test Require-
ments," USAAMRDL Technical Report 71-18, from the Boeing
Company, Vertol Division, Philidelphia, Pennsylvania, to

‘ ' Eustis Directorate, USAAMRDL, Fort Eustis, Virginia, April

! 1971.
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respectively. However, in making that assumption important
factors evident in the M&R programs may be easily overlooked:

Many failure modes are calendar time dependent. Thus,
a relatively short calendar period test program may
not reveal these failure modes, even though the test
hours are adequate.

A significant number of failure modes are environment
dependent and will not be exposed in a test program

on prototype aircraft. The M&R programs were conducted
on fielded initial production aircraft in their actual
combat environment. Testing in a sterile environment
will expose only those failure modes that are inherent
to the hardware.

Corrective actions initiated for failure modes identi-
fied during a short duration prototype test program
will most likely not be incorporated until the first
production aircraft is produced. Thus, the effective-
ness of a corrective action will not be evaluated while
the test is still in progress. In turn, reliability
growth cannot be fully evaluated. This is not to say
that reliability growth cannot be evaluated while test-
ing is in progress. However, to do so, a pattern of
"test-fail-stop test-incorporate design fix -~ test to
verify" would be required. Since design changes to
helicopters require long lead times, following such a
pattern would be unrealistic. Equipment and personnel
would remain idle for long periods and the length of
the program would be prohibitive.

A large amount of test time is required to ensure suf-
ficient exposure of failure modes for problem identi-
fication. 1In general, seven occurrences of a failure
mode in the M&R program were considered to justify
investigation to determine whether a problem truly
existed. With 95 percent confidence, a particular
failure mode could be expected to be seen on between
10 and 43 percent of the fleet when it was observed

7 times on the monitored sample of 40 aircraft. Moni-
toring a small group of prototype aircraft will not
provide a statistical base for projecting fileet problems
based on the sample.
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TABLE 1. UH-1D CONFIGURATION -CHANGES

DURING MONITORING PROGRAM

Fiscal Year
Aircraft

Configuration Changes

FY62

FY63

FY64

FY65

Basic configuration
Tail rotor sprocket cover redesigned.

Cargo door stop redesigned for increased
strength.

Redesigned compartment door latches installed.

Shoulder harness inertia reel and manual con-
trol repositioned.

42-degree gearbox input quill Buna-N seal
replaced with silicone rubber seal.

Mesh screen wire added to fuel pump outlet
fitting.

Cargo hook hole bumper removed from airframe.
Redesigned bumper added to hook.

Doublers added to outside skin panels in
tail-boom.

Self-locking feature added to Rivnuts on skid
gear attach bolts.

Doublers added to upper and lower engine air
induction baffle.

Landing gear cross-tube strap increased in
width.

Stiffener added to lower engine panel assembly.

Hydraulic inspection panel redesigned without
transparent window.

Crimp added to tail-boom fin access door hinge.

24




(Cont'd) washer added.

- Stitching modified for troop seats.
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d TABLE 1. (Cont'd)

: ) Fiscal Year

. } ! Aircraft Configuration Changes

; 1 FY65 Transmission mount damper redesigned and wave

]

Protective covers added to pilot/copilot seat
. assemblies.

Reconfigured gravity feed hydraulic system

: { added.

r" i

E i Steel sleeve added between outer bearing
& ] surface and scissor lever bore.

Redesigned main rotor pitch link rod-end
1 ' bearing added.

Tail rotor hydraulic boost cylinder piston
rod size decreased.

3 Teflon fabric bearing added to synchronized
; elevator forward bellcrank.

Improved bearing installed, synchronized
| elevator control idler.

R T

Main rotor blade leading-edge material changed
to improve erosion characteristics.

&3

B

TR e

Pitch-horn bolt reversed. g

FY66 Engine barrier filter added.

T g RE

§ Redesigned clamping installed for
transmission oil hoses.

Threaded oil plub replaced snap-in plug in
transmission.

Swash-plate ring assembly horn redesigned
for increased strength.

Transmission fairing seal redesigned with
additional retainers.

ol il




(Cont'd)

TABLE 1.

Fiscal Year
Aircraft

Configuration Changes

FY66
(Cont'd)

FY67

FY68

Engine air inlet filter seal redesigned
with improved retainers.

Transmission left beam assembly redesigned
for increased tensile strength.

Vibration dampers added between air inlet
screen and oil cooler blower housing.

Tail rotor drive shaft hanger bearing
replaced with redesigned bearing.

Engine-to-transmission drive shaft redesigned
to include elastomeric boot assembly and
improved couplings.

Swash-plate locking washers changed to prevent
cupping.

Stabilizexr bar lever bearing increased in
size.

Door jettison pins material changed to
stainless steel.

Self-locking feature added to tail rotor
contrel tube nut.

Improved retainers added to transmission
cowl seals.

Oil-resistant feature added to bulkhead door
seals.

Cargo door rollers redesigned to be less
susceptible to abrasion.

Kacarb beariags added to tail rotor pitch
change link assembly.

Forward rcof window changed from Plexi-
glas to polycarbonate.

Main rotor hub seal redesigned to include
an elastomer seal.
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TABLE 1. (Concluded)

Fiscal Year
Aircraft Configuration Changes

i

FY68 Tail rotor blade leading-edge material changed
(Cont'ad) to improve erosion characteristics.

4y

Starter/generator cooling fan eliminated
. from design.

Roof access steps added.

Main transmission input quill assembly
redesigned with improved oil seals.

f FY69 Windows in hinged cargo doors eliminated.

Particle separator redesigned to include
| improved fasteners.

RPM warning box redesigned.

Hydraulic boost cylinders redesigned for
improved piston-rod gland sealing.

27

S I S A

B i P oraio ) S — - R S RN S =
- R s N, ML A 2 N B * ittt et L Rl 05,25




B e N e U R S RroTe o = o
k A N 7 RN P A 5 B Rt Sl G
. A . \ . P < e
N A

S G T T

TABLE 2. AH-1G CONFIGURATION CHANGES
DURING MONITORING PROGRAM

Fiscal Year
Aircraft

Configuration Changes

FY66

FY67

FY68

Basic configuration

Redesigned float switch support for engine
o0il system.

Main rotor pitch link bearing redesigned.
Mast spinner eliminated from design.
Main rotor blade tiedown hook shortened.

Doublers added to skid tubes at cross-tube
attach point.

Ammunition compartment door rub strip riveted
in lieu of bond to door assembly.

Engine oil cooler configuration changed to
bleed air driven fan.

Gunner and pilot steps changed to one-piece
assemblies.

Main rotor friction collet fingers increased
in thickness.

Battery cable quick-disconnect redesigned.
Cowl door sealing strips eliminated.

Skid tube attach bolts lengthened.

Tail lights relocated at base of tail fin.

Tail pipe redesigned with improved mounting
provisions.

DC voltage regulator improved.

Canopy seals redesigned.
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TABLE 2. (Cont'd)

Fiscal Year

Aircraft Configuration Changes
FY68 Step added to aft side of cross tube.
(Cont'd)

Improved bearings added to tail rotor pitch
change links.

Clamping arrangement for transmission oil lineg
improved.

Stability Control Augmentation System (SCAS)

redesigned to eliminate electromagantic
interference.

Rigid oil cooling lines changed to flexible
lines.

0il cooler blower mount strengthened.

Proseal added to clevis pin holes in cable
pulleys.

High-capacity rotary inverter provided.
High-capacity static inverter provided.

Main rotor trunnion attach bolts with increased
tensile strength provided.

Tail pipe ejector redesigned to eliminate
cracking.

Improved lockout valve provided for hydraulic
system.

Improved ventilation ducts provided.

Cutout forward of gunner collective boot
elongated.

Improved pilot seat adjustment lever provided.
Improved engine mount support bearing provided.

SCAS amplifier yvaw channel modified.
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TABLE 2. (Cont'd)

Fiscal Year

Aircraft Configuration Changes

E FY68 Strip type ground added to navigation lights

‘ (Cont'd) |in lieu of wire type.
Cross-tube cap assembly rubber pad bording
improved.
Cabin air elbow duct reinforced.
Steel elbows used in hydraulic system in lieu
of aluminum.

i Clamping arrangement for hydraulic lines

! improved.

¢
Air inlet screen actuator hermetically sealed.
Landing light eliminated.
Cross-tube step assembly strengthened.
Engine oil pressure warning switch replaced
with improved switch.

FY69 Improved tail rotor configuration provided.

Iaproved SCAS transducer configuration provided
Improved canopy locks provided.

Main transmission input quill assembly
redesigned.

Coated tail rotor control cables provided in
lieu of noncoated cables.

Improved RPM warning box provided.

Bonding method improved for main rotor blade
leading-edge erosion strips.

Main rotor pitch change link redesigned.

Improved main rotor blade provided.
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Aircraft
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FY69
(Cont'd)

FY70

Wall thickness increased on skid tubes.

42-degree gearbox cover material changed to
aluminum.

Rubber shock mount added to engine fuel
pressure transmitter.

Transmission 1lift link redesigned.

Clamping revised for generator cooling air
hose.

Improved particle separator provided.
Tail rotor drive shaft cover redesigned.

Transmission manifold-to-filter rigid oil
line replaced with flexible oil line.

Transmission fifth mount support redesigned.

Transmission oil pressure warning switch re-
placed with improved switch.

Self-locking screws incorporated into pilot's
canopy latch installation.

Improved door handles incorporated on gunner's

canopy.
Crew compartment vent fan redesigned.
Friction collet redesigned.

Engine tripod rod-end bearings replaced with
improved bearing.

Lateral cyclic control magnetic brake
redesigned.
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BEWL. HELICOPTER COMPANY

CHECKED * . ( \ ren Illll‘l " 'l" . 1llll Il"l’lw lj"'.’ RP"‘ 205 ogg J sz E :

‘BY — | MopEL UH=1D _paceC=28.1

Date' 1 Sgptember 1966
Status: Closed

C. Problem Analyses, Corrective Action Summary & Recommendatlons
(Cont'd)

28. AN201K'” Bearing Loose in. Scissors Lever (CIC-730-920-001)

System or Component Description

The scissors and sleeve assembly and the swashplate and
support assembly -are installed together around the mast
at top of transmission. These assemblies act as a unit
which transmits movements £rom cycllc and ccllective
control systems to linkages which rotate with main rotor.
Collective sleeve moves vertically within swashplate
support as actuated by collective control stlck, Swash-~
plate, mounted on a universal support, is for tilt
according to cyclic input. Combined effect -on scissor
levers and upper linkage determines rotor tilt and blade
pitch.

Failure Mode

The AN201KP8A pivot bearing is installed as a floating
bearing in the 204-011-406-5 lever. After operating in
a sand environment excess play between the bearing and
lever bore develops. If left unchecked, the scissor
lever wear is accelerated by entrance of sand which acts
as an abrasive. Excessive looseness (radial) develops
and vibration occurs. To remedy the condition, usually
a new scissors lever and bearing are regquired with
minimum ship downtime of nearly five hours.

Corrective Action

Dct., A Class II change, adding a steel sleeve between the
1964 bearing outer surface and the scissor lever bore, was
Ehru incorporated on UH-1D 64-13598 and subsequent production
April and on all spares purchased by Bell after January 1965.
1966 This change created a 204-011-406-9 scissor, thus the

new scissor replaced the old 204-011-406-5 scissor.

To provide repair instructions for field units, Bell
Helicopter Company released a field fix, SEM 204-64-25,.
The service instruction issued in April 1964 was released
to the depots making repairs., The above corrective
action resolves this problem,

Figure 2. Example of M&R problem narrative,
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where Apj > Ap2 > Ap3 > Mpg indicating a decreasing failure
rate.
Figure 5. Illustration of method for calculating
aircraft failure rate by fiscal year.
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Figure 6. UH-1D reliability (MTBF) versus
fiscal year configurations.
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Figure 7. AH-1G reliability (MTBF) versus
fiscal year configurations.
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3.0 .ANALYSIS RESULTS

This seéction presents reliability growth analysis summaries
for the UH-1D and AH-1G helicopters. Their growth histories
are compared to each other and to the parametérs defined in
the RPM technique for reliability growth prediction. Conclu-
sions are presented on the applicability of the RPM technique
to belicopter reliability growth.

Beginning with Figure 3, cumulative reliability growth (MTBF)
is plotted against cumulative test time (monitored flight
hours) on log-log graph paper. The slope of the straight
line fitted through these data points is the rellablllty
growth of the helicopter. Each data plot on log-log co-
crdinates resulted in a growth curve with two- line segments,
each with a distinct slope. This was a result of flight
operations' not being stopped on the monitored fleet when a
failure occurred. Thousands of additional test hours could
accumnlate before the aircraft received a hardware change due
to that failure. Frequently, long calendar lead time is
required to introduce corrective action to the hardware
following definition of a problem.

Hardware change effectivities occurring at the beginning of a

new production lot (not the beginning of a fiscal year production
run) were considered to be incorporated at the beginning of

the next fiscal year model production run. This was done

because of the difficulty in tracking the numerous design

changes by production lots rather than fiscal year model and
because it was not feasible to maintain an account of retrofit
kit changes for each aircraft versus the time at which the

kit was installed for the monitored fleet.

BEach log-log plot has an accompanying Cartesian coordinate
plot of the same data. No attempt is made to connect the raw
data points on the Cartesian plots. However, coordinates of
the straight line segments of the corresponding log-log plot
are transferred to the Cartesian plot to form a smooth curve.
This procedure was used to fair in a smooth line through
widely dispersed data points.

Plots of MTBF versus test time have several MTBF values
clustered at the highest accumulated test time. This occurs
since ccrrective action activities resulting from the M&R
program continued for a period following termination of the
monitoring effort.
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3.1 UH-1D. RELIABILITY GROWTH ANALYSIS SUMMARY

The UH-1D analysis summary includes sensitivity tests to
determine the significance of the various parameters affecting
reliability growth. Included also are analyses to determine
subsystem contributions to the overall aircraft failure rate,

3.1.1 Sensitivity of UH-1D Reliability Growth Curves to Test
Hour Variations ‘

The 61 UH-1D problems corrected were identified by the M&R
program, and the subsequent corrective actions were substan-
tiated by continued monitoring during that same program.
Therefore, the flight time generated by the aircraft monitored
during the M&R program was used as the "in-service" test

time. This is the test time resulting in slope o, in the
following discussion.

However, flight-test time other than the M&R program f£light
time existed during development of the UH-1D. The guestion

is, should it have been a part of the test time for reliability
growth? A sensitivity analysis was conducted to determine

the effect of this additional test time on plots of relia-
bility growth of the UH-1D. Three combinations of test

times were considered. Test times included in each combina-
tion are shown by an "X" in the matrix below.

Test Hour Souxrce

3

K
A
N
d

LI T T *f‘f‘\.l,

Growth BHC UH-1D Test

Curve M&R YUH~-1D

Slope Program Fleet All 100 Hrs 280 Hrs
al X X X
o, X 2899 X
oy X 2899 YUH-1D X

Growth curve slope oy test time is the sum of all BHC/Army

M&R program flight time, the entire YUH-1D fleet time, and
all of flight test time conducted on the UH-1D at BHC prior
to customer delivery. Growth curve slope o, test time is the

sum of M&R program times, the 2899 hours of YUH~1D fleet time
that was accumulated prior to beginning of the M&R program,
and 280 hours of BHC prototype test time that occurred prior
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to the beginning of the M&R program. Growth curve slope a3
] test time is the sum of 100 flight hours of shakedown time on
1A the YUH-1D conducted at BHC, 280 hours of BHC prototype fllght—

test time prior to production deliveries, and the remaining
M&R program time. Table 9 presents the test hours for the
above test time -combinations and the MTBF's from Table 7,
column 4 for each fiscal year aircraft group at the ‘time of
their delivery. Using data from Table 9, the growth curves
with slopes Uyr Gor and a3 are plotted in Figures 8, 10, and

] 12, Figures 9, 11, and 13 are the corresponding -Cartesian

! plots. Comparison of the slopes of these curves, shown below,

i indicates that the test hour variations made no substantial
difference in the growth curves; i.e., the differences in the
growth rates were small. A plot of the curves shown in Figure

E 14 presents a graphical comparison of the relative slope of

o each segment.

Slope, a, of

] Test-Hour Growth Curve Segment
} Combination A B

}

; 1 0.065 0.42
" 2 0.064 0.37
% 3 0.062 0.33

D . s
{ From the above tabulations, it is seen that there were no signif-
) icant changes in the growth rates caused by differences in the
{ test hour combinations. It is bélieved that the test hour com-
j bination which resulted in the curve with slope 9, is the most

2
representative since the test hours span the greatest amount of
calendar time encompassing all of the major development test
programs for the UH-1D. Therefore, for purposes of this

study, UH-1D reliability growth log-log plots will consider

the curve with slope Oye The 3179 hours, the sum of 2899

2
i
&
|
hours of YUH-1D time, 280 houvs of BHC test, and 100 hours
shakedown, occurred prior to delivery of the first production
} UH-1D. This time could not be ignored since it was responsible
; for the MTBF increase from 7.8 hours to 9.5 hours. The remain-
- der of the test hours are from the M&R program.

3.1.2 Sensitivity of UH-1D Reliability Growth Curves to
B Variation in Number »f Problems Corrected

In addition to the 61 UH-1D problems receiving corrective
action, there were 15 that had corrective actions proposed
which were later rejected by the customer. Had these bheen
approved, the total number of problems receiving corrective
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action would have been 76 with no incréase in the number of
test ‘hours. Figure 9 is a plot of the MTBF slope if the
additional 15 failure mode rates ‘had been removed from the
baséline rate; i. ey the problems had been corrected The
plot was made assuming 100 percent ellmlnatlon of the failure
mode rates so that the most optimistic growth could be shown.
Thus, the growth curve with slope oy -0f Figure 15 is the
maximum growth rate obtainable for the UH-1D while supported
by a monitoring program, assuming othér variables are held
constant. Figure 16 is the accompanying Carte51an plot for
Figure 15, A comparison of oy growth curves of Figure 10 and

a, curves of Figure 15 shows the following slopes:

Growth Curve -Segment

A B
oy 0.062 0.36
0y 0.062 0.38

Thus, the o, curves do not differ significantly from the o,

curves, indicating that most of the significant problems were
corrected during the monitoring program and that the failure
mode rates for the 15 problems were relatively low. Also, the
equal segment A slope values indicate none of the 15 problem
correction proposals occurred until late in the program, re-
sulting in Uyp receiving their full benefit. Since the Cap

was not that much greater than the Cop value, it is evident

that the maximum growth rate for the UH-1D was being approached.

These problems were not corrected due to economic reasons.

3.1.3 Reliabkility Growth of the Design Versus Reliability
Growth of the Hardware - UH-1D

Reliability growth of the helicopter design is a function of
accumulation of test hours to the point where a formulated
problem corrective action has been approved for incorporation
into aircraft hardware. Reliability growth of the hardware

is a function of the accumulation cof test hours to the point
where corrective action has been incorporated as redesigned
hardware in production helicopters. Obviously, reliability
growth of the design will lead reliability growth of the
hardware as long as there is a continuing formulation and
approval of corrective actions to be incorporated into hard-
ware. In addition, at any given point in time the reliability
of the design will exceed that of the hardware as long as
there is a formulated improvement not yet incorporated into
the hardware. The UH-1D design MTBF growth versus accumulated
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test time is tabulated by calendar quarter in Table 10.
Figures 17 and 18 are log-log and Cartesian coordindte plots,
respectively, of Table 10 data showing the increase in MTBF
of the ‘design versus the number of test hours required to
initiate the improvement. On Table 10, note that the growth
continues for six calendar quarter improvements in the design
MTBF following completion of the last test hour (second
gquarter of 1967 through third quarter of 1968). This demon-
strates that there was considerable lag between the occur-
rence .of a failure mode and the formulation and approval of a
design change to correct the deficiency. This is in addition
to the lead time required to incorporate the design change
into hardware. Recall that Figures 10 -and 11 are plots of
UH-1D demonstrated MTBF versus the number of test hours-
accumulated to the point where the improvement was -actually
incorporated into the hardware. Figures 19 and 20 are composite
log-log and Cartesian plots, respectively, of growth curves
of Figures 10 (a2) and 11 (a5) and Figures 11 and 18. Com-

paring the slope values in Figures 19, Cpa is greater than

Conr indicating, as would be expected, that a greater number
of design changes were formulated and approved than were
incorporated into hardware during early testing. Furthey,

growth curve segment Ogp starts several thousand test hours
before the corresponding segment Uopi however, the curv:s
tend to converge due to subsidence of design change activity
while hardware changes continue.

Subsystem Contribution to UH-1D Hélicgpter System
Reliability Growth

3.1.4

The UH-1D experienced a 56 percent decrease in its failure
rate at the system level from FY62 through FY69 production
helicopters. Table 11l is a summary of subsystem failure rate
decrease by fiscal year production. The airframe, controls,
and drive systems accounted for approximately 80 percent of
the total decrease through eight fiscal year models. Note,
also, that these same subsystems accounted for 80 percent of
the total aircraft failure rate at the beginaing of FYé62,
indicating that none had an initial failure rate out of
proportion to their share of the total system rate decrease.
With the exception of the fuel supply, each subsystem shows
some reliability growth. The UH-1D fuel supply subsystem is
relatively simple and has few moving parts. No design changes
were made to that system. In contrast, the airframe, controls,
and drive subsystems proved to be a steady source of design
changes, contributing to 80 percent of system level growth.
Table 12 presents the subsystem failure rate percentage change
by fiscal year. Each subsystem fiscal year failure rate
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g decrease is expressed as a percentage reduction from the
: failure rate of the previous year and as a percentage contri-
butionh to the total aircraft failure rate decrease.

3.2 AH-1G RELIABILITY GROWTH ANALYSIS SUMMARY

The methodology used in creating the AH-1G reliability growth
curves follows that used for the UH-1D. Flight test records
were not readily usable for extracting the type information
required for reliability growth analysis. Also, due to the
urgency of the Vietnam war, the AH-1G was put into high-
volunme production without any YAH-1G development aircraft
being procured. This resulted in the absence of development
test data similar to that generated by the YUH-1D fleet.
Thus, all data used in plotting growth curves in this section
are from the M&R program.

Table 13 presents the time base used to plcet observed MTBF
versus test time for the AH-1G. The MTBF values are those
for the FY aircraft at the time of their entry into service.
Since there were no YAH-1G aircraft produced, an off-bkoard

] MTBF value was established using M&R monitored data from FY66
ﬂ lots 4 and 5. The value was established from failures occurring
with the first 100 hours of operation. This was determined
from failure monitoring of two of the initial production
group of 34 AH-1G aircraft. The remaining FY66 AH-1G pro-
duction contained 74 aircraft. Figures 21 and 22 are the
log-log and Cartesian plots, respectively, of Table 13 data.

3.2.1 AH-1G Reliability Growth Curve Sensitivity to Variation
in Number of Problems Corrected

There were 95 problems on the AH-1G for which corrective
action was recommended under the M&R program. Three were
rejected by the customer. Table 13 shows a slight improve-
ment in MTBF, had all the corrective action recommendations
been incorporated. Log-log and Cartesian plots of the data -
are presented in Figures 23 and 24, respectively. Table 13
data and Figures 23 and 24 assume 100 percent elimination of
the failure mode rate. A comparison of the growth curve o
values of Figures 21 and 23 is presented below:

i

R T e

Growth Curve Segment

l , A B

. o 0.016 0.099

E 1 aq 0.016 0.123
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As occurred with, the UH -1D, thére was little improvement in
slope due to removal of unincorporated improvements from the
baséline. Table 13 data indicate that the final FY70 MTBF
would have increased only from 9.6 to 9.9 hours. These data
indicate that the AH-1G achieved close to its maximum rate of
growth supported by the monitoring program.

3.2.2 Reliability Growth of the Design Versus Rellablllty
Growth of tne Hardware - AH 1G

The AH-1G design MTBF growth versus accumulated test time is
tabulated by calendar quarter in Table 14. The accounting of
design changes and test time by calendar quarter provides a
common denominator for determining a relationship between
test hours and MTBF growth of the design. Figures 25 and 26
are log-log and Cartesian coordinate pleats, respectlvely, of
Table 14 data. The g -of Eugure 25 growth curve reflects

only two calendar quarter improvements in the design MTBF as

a result of the M&R program, following completion of the last
test hour. Considering that the UH-1D had six calendar
quarters, apparently less lead time was required to get

design changes into hardware for the AH-1G than for the UH-1D.
This is. a function of the higher AH-1G program intensity and,
to some extent, the faztors in the AH-1G program termination.
Further evidence of the effects of increased program intensity
is seen in Figure 27, a composite of the O (hardware growth)

curves of Figure 21 and the g (design growth) curt:2s of

Figure 25, and in Figure 28, a composite of the Cartesian
cooxrdinate plots of Figures 22 and 26. At any given point
on the test hour scale, there is only a small difference
between points on the design and hardware growth curves.

3.2.3 Subsystem Contribution to AH-1G Helicopter System
Reliability Growth

The AH-1G failure rate decreased 31.8 percent over five FY
aircraft models. Table 15 presents a subsystem failure rate
decrease summary for the AH-1G, including the relative contri-
bution of each subsystem to the overall failure rate decrease.
Each subsystem with the exception of fuel supply had some re-
liability growth. Like the UH-1D, the AH-1G fuel supply sub-
system is simple and has few moving parts. Its FY66 failure
rate represented less than 1 percent of the total aircraft
failure rate; thus, any further improvements would have

little statistical influence on reliability growth. Air-
frame, controls, and electrical subsystems provided the bulk
of reliability growth, approximately 72 percent of the total
decrease in failure rate. It would not be correct to identify
these three systems as being the most in need of reliability
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improvement sincé theis¢ size, nature, and complex1ty govern
individual contribution to the total fallure rate. Table 16
compares each subsystem percentage of original alrcraft failuare
rate (Column A) to pércentagde -contribution to total decrease

in failure rate (Column B). In Column C, the ratio B/A is a
measurement of a subsystem's contribution to total improvement
without regard to other factors. A ratid vdlue greater than
one indicates a proportlonately greater contribution. The oil
cooling. and cont.ols subsystems had the greateést proportlonate
decrease in failure rate, while theé fuel subsystem had the
least. Table 17 presents the subsystem failure rate percentage
change by fiscal year. Each subsystém flscal year failure

rate decrease is expressed as a percentage Yeduction from the
failure rate of the previous year and as a .percentage contribu-
tioh to the total aircraft failure rate decrease.

3.3 UH-1D RELIABILITY GROWTH VERSUS AH-1G RELIABILITY GROWTH

The reliability growths of the UH-1D and AH-1G are compared in
this section. Points of similarity and difference are examined
to determine the factors that control the rate of reliability
growth.

3.3.1 Comparison of UH-1D and AH-1G Reliability Growth -
L.og-Log Curves

The analysis methods and procedures used in this study permit
normalization of the data. This was done to allow better
comparison of the reliability growth of the UH-1D and AH-1G
helicopters. However, that process was at best limited.
There are factors that challenge the results in this study.
Consider Figure 29, a composite log-log plot of the UH-1D
growth curve o, and the AH-1G growth curve O Obviously,

from the plot, the UH-1D had a much higher rate of reliability
growth than did the AH-1G, at least when MTBF increase was
plotted against cumulative test time on log-log paper. This
would appear to be a contradiction, knowing that the AH-1G M&R
program intensity was .greater than that for the UH-1D. AH-1G
program data covered 66,000 flight hours of monitored time
accumulated in 29 calendar months, producing problem correc-
tions at the rate of 3.17 per month or one problem correction
for each 730 flight hours; while the UH-1D data base of 50,000
monitored flight hours was accumulated in 39 calendar months,
producing problem correction at the rate of 1.56 per month or
one correction for each 820 flight hours. Thus, the AH-1G
problem correction rate was double that of the UH-1D. Ulti-
mately, the AH~1G M&R program produced 50 percent more problem
corrections than did the UH-1D M&R program. Figure 30 shows
the number of problem corrections by FY configuration for
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both .aircraft models. Figure 31 presents cumulative correc- %8
tions versus FY conflguratlon for both aircraft models. These ;
facts and figures raise questions as to the valldlty of Flgure
29 plots. Figure 31 reflects the true impact of program
intensity .and may well be the only legitimate measure of
program intensity for helicopters. Also, it is apparent that
reliability growth is not a function of the number of correc-
tive actions accompllshed. The 61 corrective actions for the
UH-1D resulted in an aircraft failure rate reduction of
0.059069 over eight fiscal years, or 0.000968 average for each
corrective action. 1In comparlson, the 92 corrective actions
for the AH- 1G resulted in an aircraft failure rate reductlon
of 0..048267 over five fiscal years or 0.000530 average for
each corrective .action taken. Thus, a smaller number of
corrective actions on the UH-1D produced a proportionately
greater return in failure rate reduction as compared to those
of the AH-1G program.

3.3.2 A Variation in Approach to Reliability Growth Measurement
of the AH-1G and UH-1D

The disparity between UH-1D and AH-1G growth (MTBF) when
plotted on log-log paper requires additional examination.

The main factor, increased program intensity, used to accel-
erate reliability growth for the All-1G was not reflected in
Figure 29. Specifically, the high-intensity AH-1G program
should have shown an increase in the growth rate over that of
the UH~1D medium-intensity program. It was assumed that an
increase in program intensity would cause an increase in the
number of problems corrected. This assumption was valid. It
was also assumed that the increase in the number of problems ;
corrected would mean a proportionate decrease in failure ‘
rate. This assumption was not valid, as was demonstrated in

the preceding section.. Further, when compared to the UH-1D,

any improvements in MTBF on the AH-1G were offset when plotted
against the AH-1G's large accrued test time. The improvements
in MTBF were a result of accelerated rate of problem correction
which, in turn, was some function of the accelerated testing
(monitored flight hours). The only parameter that could not

be affected by the accelerated program was calendar time.

The AH-1G did, in fact, attain a higher rate of reliability
growth than did the UH-1D. This is demonstrated in Figure 32,

a plot of AH-1G and UH-1D cumulative decrease in failure rate
versus calendar months following first aircraft model celivery.
Figure 33 presents cumulative decrease in failure rate attained
by progressive fiscal year aircraft through the end of the

M&R program. These two figures allow comparison as if both

M&R programs had been conducted simultaneously. Both illustrate
the higher growth rate of the AH-1G. Tables 18 and 19 show
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for the UH-1D and AH-~1G, respectively, subsystem failure zate
cumulative percentage change at edch fiscal year following
first aircraft delivery. By the fourth FY delivery, the UH-1D
(FY66) had a 35.4 percent cumulative reduction ih its failure
rate, while the AH-1G (FY70) experiencéed a 31.8 percent re-
duction in its total failure rate. When measured in this
manner, the growth rates of the two aircraft are almost

equal. A composite plot of these data is presented in Figure
34. The pattern of failure rate reductions for both aircraft
is very similar, as was shown in Figures 32 and 33. The
Figure 34 plot negated the effect of the 44-percent failure
rate spread between the UH-1D and the AH-1G. In doing s6,
evidence 1is creéated that program intensity may not be a factor
with enough influence to redirect the reliability growth of a
helicopter.

Program intensity strongly affects the rate of problem correc-
tion, but for helicopters it has little effect on failure

rate reduction. While each problem correction does contribute
to failure rate reduction, that change in failure rate may
have a wide range of values. This is shown in Figure 35. The
M&R program identified a large numbér of problems that were
candidates for corrective action. There existed no direct
relationship between the magnitude of the failure rates and
the order in which the problems were corrected. However, as
is also shown in Figure 35, the AH-1G program did correct

many more low failure rate problems than did the UH-1D. The
effects on crew safety, aircraft availability, mission success,
ease of repair, and economic cost generally led the factors
governing when or whether a problem was corrected. There was
a situation in the M&R program where the single occurrence of
a failure mode resulted in a design change. Conversely,

there were many situations where high failure rate problems
were not corrected. These are extreme cases. However, they
serve to demonstrate the nonexistence of a relationship
between failure rate magnitude and initiation of corrective
action.

3.3.3 Statistical Obsexrvations on UH-1D and AH-1G Reliability
Growth

This section provides two theoretical models which relate re-
liability growth to calendar time on the basis of monitoring
programs for the 'UH-1D and AH-1G. It should be noted that the
number of flying hours of the respective monitoring programs
per calendar year is large. Consequently, the relationships
developed here for reliability growth and calendar time pre-~
suppose a large number of flying hours per calendar year. The
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models can be applied in a new program to project reliability
growth beyond the end of the monitoring period.

In this analysis, the decrease in failure rate (i.e., relia-
bility growth) as a function of reliability growth time, T,
from the plot in Figure 34 is ‘

A =AM {1 - M} e

where A(T) the failure rate at growth time, T . !

A(T) = the failure rate due to all pertinent failures i
in the aircraft history
M(T) = the decrease in A(T) per year

An empiricdl conseguence of the analysis is that

ATy = T3 )

M(T. - Ti_q) =
i i-1 A(T)

is a constant when T, - T3 is cohsidered in increments of
years.

Figure 34 suggests that there might exist the same linear
relationship between reliability growth time, T, and the
cumulative percentage decrease in failure rate for each of the
monitoring programs. In order to show the similarity in
results, the data from Tables 18 and 19 were subjected to a
least—squares fit of a straight line passing through the
origin. The estimator of the slope in this method for

K data points is given by

i=1 ' i=1 (2)

where x; is the ith year and y; is the observed value (i.e.,

actual percentage reduction in A(T)) for the model. The
results were as follows:

A

M = 8.663333
AH-1G
ﬁ = 8,613571
UH-1D
95
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Consequently, thé least-squares fit of the data to a straight
line provides a reasonable representatlon of the relationship
‘between rellablllty growth time and thé cumulative percentage
decrease in failuré rate for the two alrcraft under their
respective monitoring programs.

The similarity of slopes, over différent time bases in programs
with different intensity for different aircraft suggests that
M(T) is a constant. The reason may be the 51m11ar1ty of the
two programs. The follow1ng observations of program similarity
were made:

- The same reporting forms and analysis procediures were
used.

- Data analysis was conducted by essentially the same
group of people.

-~ Cotrrective action was sought by the same engineering
personnel.

- Both programs were managed by the same AVSCOM personnel.

Further, everyone involved went through a learning perlod on

the UH-1D program. Techniques and procedures mastered on the
UH-1D program were carried over and applled to the AH-lG pro-
gram (even though applicdtion rate. may have 1ncreased)

Another point of interest is that the period of monitoring has:
a carryover time for rellablllty growth:. 1In the AH-1G, three
years of monitoring corresponded to five years of rellablllty
growth. With the UH-1D, five years of monitoring corresponded
to eight ye&ars of reliability growth. Theése numbers correlate
to consecutlve values from the Fibonacci sequence* generated by
1 and 1. In any Fibo.racci sequence, the limit of the ratio of

1+vs5
Y5

consecutive terms has been found to bé

Further, since the sequence is qguite well behaved, monitoring
times which do not appear in the sequence can be used to find
reliability growth times by multiplying the monitoring time

by1+\/5—

5 .

*The Fibonacci sequence is the seguence whereby a number in the:
sequence is the sum of the previous two numbers in the sequence,
i.e., Sk = Sk—l +‘Sk-2‘ For this problem the Fibodnacci se-

quence is initiated by S, = 1 and S, = 1.
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In most rellablllty tests, a minimum acceptable MTBF (or max1mum
allowable failure rate; A ) is spetified along with a test time

of :a specified number of hours within a span of a :specified
{ number of calendar months to find the reliability growth time,

L To’ as spec1f1ed previously. Incorporating these values: into

o Equation (1), we have
AQ s MY 1~ M(T )T, (3)
Therefore,
A
- AT S T
i o {l = M(TOXTb} (4)

Hence, -an uppér 'bouiid ¢an be  found -oh thé-entite Tistory of -
the aircraft failure rate.

on ATy, ) for minimum acceptable MTBF s of 6 and 10 hours. From

( the F1bonacc1 sequence, the monitoring times correspond to 3, 5,
: and 6.47 years of reliability growth time.

Monitoring time = 2 years

R T T T P O S A oS s o,
3 N . - P a7t PR AW
——

‘ " 1/6. L -
3 N y < = p = . =
: ) A(3) 17 (.086)3 224618, MTBP 6 hours
2 - 1/10 . o ,
; ‘ , < . ~ = ;13 = 10 he
1 } A(3) 1 = (.086)3 134770, MTBF 10 hours
: ! ,
;f % Monitoring time = 3 years
S I A(5) € 1/6 = .292397, MTBF = 6 hours.
S , 1 - (.086)5

% 1/10 N »

A(5) £ = ,175438, MTBF = 10 hours

N 1 - (.086)5
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1 7777 Monitoring £ile 4 yeats
| A(6.47) g —e /6 = .375730, MIBF = .6 hours
. (.086) (6.47) ;
1/10
A(6.47) € ; = .225438, MTBF = 10 hours

S Y1 - (.086) (6.47)

The result of this analysis, for example, reveals that in
conducting a 2-year test to démonstrate an MTBF of 6 hours,
the measured MTBF need only be 4.45 hours. Engineering correc—
tive ac¢tion has demonstrated in previous programs. that the
rellablllty ‘growth capablllty will be sufficient to- provide
o a 6-hour MTBF. This approach prov1des a rational alternative
to the traditional reliability qgallflcatlon test. Incorpora-
tion of reliability .growth would assist in narrowing the gap
between tieasured and demonstrated "MTBF .

The ability to transfer the .concepts ‘found in the AH-1G and
, UH-1D monltorlng ]rograms to other. monltorlng programs lies
S in one's ability to establish the value of M.

kA - -

It is now obvious that, in order to reproduce M as a function

: of the many variables of which it is composed, a simulation

" is required. . For instance, graphs .of corrective action approval
4 - as a function of use rate will almost certainly be given in a
function which is not continuous. The number of variables and
the characteristics of these variables make a reconstruction

of M almost impossible without simulation.

Sar R

T

It is known that as calendar time increases, A(t) will become
asymptotlc with a decreaSLng baseline failure rate. This
concept is not reflected in the results stated in Equation (1).
Further, for small values: of x,

VR EISEE R
g S

't s 1 -x2eX

; ok Consequently, 1 - M(T)T could be an approximation for e"M(T)T
' This ‘value would account for .an asymptotic behavior and still
3 - be consistent with the experience of the monitoring programs

1: ' under consideration. Thus, Equation (1) would become

= AMT) = A(T)e
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Therefore,.

LT 1rim_(_)-A” 1) \= m(T)T -
A (T)

Ta(m |1/T
)\“(T) :

Puttlng these - expre551ons in the framework of minimum acceptable
‘MTBF's, the expr9551on ‘hecomes:
-M(T )T ¢
3 A(T))e " ~ (6)
MTQ) £ (g eI, )T O A1
For 2-, 3+; and 4-year rmonitoring: programs, find the upper
bound on. A(To) for minimum allowable MTBF's of 6 .and 10 shours.
From the Fibonacci sequence, the nonitoring tlmes correspond
to 3, 5, and 6.47 years of rellablllty growth time.
Monitoring time = 2 years
A(3) % e+("°86)'3\ = .21615, MTBF = 6 hours
1 +(.086)3 . 4 :
A(3) 10 e = ,12969, MTBF = 10 hours
Monitoring time = 3 years
A(5) %—.e+('086)5 = .25622, MTBF = 6 hours

sy L o+(-086)5

.15373, MTBF = 10 hours

Monitoring time = 4 years

A6.47y s L oF(-086)(6.47) _ 59978 MTBF = 6 hours

o
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- K(6.47) € 75 &*(-086)(6:4T) - 45507, MreF = 10 hours
<
The results ih this andlysis are more conservative than in the
linear, approach. In- order to support a 6~hour MTBF in a 2-
year monitoring program under this approach, the measured MTBF
must ‘exceed an MTBF of 4.62 hours. The -minimum acceptable ‘
measured MTBF is different under thé two approaches. , However,

as calendar time increases (i.e., length of" monltor1ng program.

increases), the disparity in the values becomes larger. The
asymptotic properties of the second approach .coupled with. its
conservative estimate§ tend to make it the more viable of the

two approaches. . .

&

Further, 51nce only two similar: a1rcraft have been. considered,
extending these models to hellcopters in general is risky.

In order to.validate ‘the -theoretical.models, Ffurther study
should be made ion diverse aircraft, from different facilities
under a variety of: monitoring programs. It may, indeed, be
that helicopters of the same size” (designed and manufacfared
by the same company *and maintained by the same personnel
facilities, and operatlonal structure) will have similar failure
rate decreases per calendar year.: It could very well be true
that the length of time necessary to incorporate corrective
action is 'So excessive that it domlnates all other variables

involved.

Corrective Aétion Considerations That Influenced UH-1D
and AH-1G Rellablllty Growth, .

3.3.4

The hlgher intensity AH-lG program did accelerate the rate .of
failure mode identification, as evidenced by the 283 AH-1G M&R
index problems versus 133.- for the UH-1D, Also, the rate of
corrective action initiation was accelerated: 92 for the AH~1G
versus 61 for the UH-1D, There was no hard set of ground rules
governing any corrective action taken to eliminate an identi-
fied failure mode. However, the following cohsiderations were

given to each candidate for corrective action:

- The criticality of the failure mode, Will it endanger
the crew, the aircraft, or the mission?

The effect on avallablllty -of the aircraft. Does it
require long periods in malntenance for repair actions?

-+ Logistics cost. What is the cost of repair parts, and

what is the effort to maintain them in the logistics
pipeline?




SRS

0

Lead time. :Can .a satisfactory change ‘be: implemented
in.a reasonable amount of time?

I

- Maintenance cost. ‘What is man-hour cost to correct
.each failure?

-+ Failure mode rate: How often doés the failure mode '
occur in a given number of flight hours?- '

- Maintenance frequency. What is ‘the. unscheduled: e
Lmaintenanée,actiOn‘frequencchaused>by the failure? .
= 'Ease Of problem correction. How involved is the
.correctlon act10n° Is the technology available?

<= Nuisance factor of the failure mode. How bothersome
"1s it to maintenance and flight crews?

One may conclude. that the magnitude of thé failure rate of a
of the failure modes had limited impact on whether they re-
ceived corrective action or not and that idéntification of a

failure mode does not necessarily mean that corrective actic

will follow.

3.3:5 Impact of Increased Testing Rate on. Hellcopter
Reliability . Growth. ’ .

It is generally assumed that the rate of reliability testing
is one of thé uncontestable parametérs affecting rate of
rellablllty growth. For the UH-1D and AH-1G helicopter, thi
has beeh demonstrated to be untrue. Certalnlyg beginning wi
a low rate, incremental increases in. the testing rate will

have corresponding incremental incréases in. the rate of

reliability growth. However, at some point for the UH-1D an
AH-1G, it appears. that ‘the law of diminishing returns -sets i
and, eventually, a point is reached where any subsequent
increase in the test rate will produce no increase in relia-
bility growth. Testing is’ required to reveal failure modes
and for 'subsequent initiation of .corrective actions which, i
turn, lead to reliability growth. It has been shown for the
helicopters that an increase in the testing ratée will increa
the rate that failure modes are revealed. Further, it has
been shown (Section 3.3.2) that an approximate doubling of t
testing rate, 2285 flight hours per month for the AH-1G vers
1280 flight hours .per ‘month for the UH=1D, resulted in an
approximate doubling of the rate of correctlve action initia
tion: 3.17 corrections per month for the AH-1G versus 1.56
corrections per month for the UH-1D. ‘However, it has not be
éstablishéd that an increase in thée himbér of corrective

10l
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actions will be followed by an increase in the rate of relia-
bility growth. ‘Refer to Flgure 34, a .plot of percentage de-
crease in failure rate versus: FY UH-1D and AH-1G aircraft.
When the data polnts for each helicopter are submitted to a
least-squares fit .(Section 3.3.3), one finds that the slopes
are equal. Yet, the testing rate of the AH~1G was. 1005 flight
hours :per month greather than that of ‘the UH-1D. This sug-

-gests that both aircraft have excéeded some ceiling of relia-

bility testlng beyond which any increase in the rate will
cause no- increase: in:. reliability growth. Also, it is belidved
that there exists a 1lével of testing threshold below whicl the
rate of reliability growth is zerc. Below this point the rate
of test hour accumulation is 'so low that failure modes®'.cannot
be éxposed. Although there are no beginning and intermediate
data points to plot the exact curves, it is believed that
Figure 36 is a fair representatlon of the relationship that
exists between an increasing testing rate -and rellablllty
growth. The significance of this relatlonshlp is that the
testing rate of - the AH-1G .exceeded -the overall M&R program's:
ability to. produce a proportionate reduction in failure rate.
It is probable ‘that the same occurred for the UH-1D. Tt is
believed that the optlmum rate of testing for these two air-
craft would have been in the 900 to 1100 flight-hours-per- -
month range. However, a specific test would be.required to
determine the exact bounds of the interval. This dis .a point
to consider when rellablllty tests are 'scheduled in future
programs.

3.3:6 UH-1lD.and AH-1G Reliability Growth Vérsus Fleet Time

Reliability growth versus fleet timé for these aircraft was
investigated. Figure 37 presents: a, plot of the UH-1ID and AH-1G
MTBF increase vVersus accrued fleét time. Note that the initial
MTBF growth for the UH-1D was considerably greater compared to
that of the AH-1G, The fleet time accrual rate of the UH-1D
was quite low during its early productlon years compared to

the AH-1G. When the AH-1G entered. service during the height

of the Vietnam war, the use rate for both aircraft was at its
peak. Figure 38 presents a comparison of fleet time accrual.
Thus, initial MTBF increéases due to corrective actions on the
UH-1D were plotted agalnst relatively small amounts of accrued
test time compared to.that of the AH-1G: This resuIted in
initially higher growth rate of the UH-1D.

3.4 'THE RPM. TECHNIQUE, COMPARED TO UH lD AND AH—lG RELIABILITY
GROWTH EXPERIENCE o

This section examines the UH-1D and AH-1G reliability growth
experience in relation to the growth parameters defined in
General Electric's reliability growth prediction techhique.
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This technlque, which has been proven acceptable for electronic
equlpment, is not'acceptable for projecting Thélicopter relia-
blllty growth. The factors 1nvolv1ng this conclusion are also
explored.

3.4.1 A Review of the RPM Téechniqué -

The RPM technique is a mathematical approach devised to predict
the reliability growth of complex electronic weajon systems.
Its development, according to its authors, was i specific re-
sponse to the "reliability program credibility gz o that exists
between stated equipment reliability requirements and realized
or redlizable achievement."”

It assumes that equipment off-board MTBF will. be 10: percent of
the MTBF goal. The goal is established by increasing the re-
qulrement by: 25- pexcent. It asserts that rellablilty growth -
i's approximately inversely proportional to the square root of
the test time, and that the slope of ‘the curvé plotted on a
log=log scale varies between o = 0.1 for a developmént program
hav1ng no formal‘rellablllty effort and o = 0.5 for an aggres-—
sive rellablllty program.

3:4.2 RPM Technique Compared to UH-lD Rellablllty Growth
Experlence '

The obsérved UH-1D reliability growth did not conform to the
growth parameters of the RPM technique. The UH-1D off-board
MTBF was significantly greater than 10 percent of the nature
design MTBF. The actual value, 7.8 hours, was 36 percent of
the MTBF ultimately observed. -The maximum MTBF experlenced
for the UH-1D was 21.4 hours. It is doubtful that the MTBF of
the UH-1D will ever increase beyond 30 hours, much less by a
factor of 10 to 78 hours. Had 30 hours been the MTBF require-
ment and the goal established at 37.5 hours (1.25 x 30) per
RPM, the 7.8-hour off-board value would be 21 percent of this,
more than double the 10 percent stated by RPM. This is shown’
in the table below.

Observed Reliability RPM Projécted Reliability

Growth History Growth History
Parameter h
Offboard . \
MTBF 7.8 hr 3.75 hr¥*
Reliability
Growth- Rate Oop = 0.062 LAz oz, 2%k

Ui = 0.359

*Based on a mature MTBF of 30 hr 10% x (1.25 x 30) = 3,75
**Based on a reliability program of moderate intensity
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3 For the UH-lD, two: distinct gréwth rates were -observed o6n' the
E‘“”*“ . log-log plots. The RPM prédiction procedure does not consider
f' o a change in'slope:- -The -initial -UH-1D: -slopé Uyp = = 0.062 1s

}’ ; considerably less than the minimum RPM value, d = 0.1 (the

- . growth rate for those programs where no specific con31derat10n -
| is given to reliability). Howéver, dé = 0.359 does fall - _

3 ' within the bounds of RPM. : : R ’

|

' 3.4.3 RPM Prediction Technigque Compared: to AH-lG Rellablllty
Growth Experlence -

Aoln,

The AH-1G rellablllty growth was not w1th1n the RPM. parameters.-
As was the case with the UH-1D, the off-board MTBF was' .signifi-
cantly higher than 10 percent of the MTBF ultlmately observed.
The AH-1G M&R program was two calendar years shorter in dura-
tion than the UH-1D. program. However, as 1mp11ed in paragraph
3.3.3, the AH-1G failure rate would have been reduced approxi=
maeely 56 percent Bad its program been. of the -same duratlon -
as that of the UH-1D. The AH-1G. would then have had an ulti-
mately observed MTBF of 11.8 hours. It is doubtful that the
AH~1G will ever achieve an MTBF above 17 hours, a value signi-
ficantly lowéer than 66 hours, ten times the off-board value:
Had 17 hours been the MTBF reqyrremept and the goal estalgllshed~
at 21.25 hours (1.25 ¥ 17) pér RPM, thé 6.6-hour off-bodrd
value would be 31 pércent of this, more than trlple the pre-=
scribed 10 percent. This is shown in the table below.
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é . Observed Reliability RPM Projected\Reliabiwiﬁv

5 ! . Growth History. . . . .. Growth History . .

: . Parameter

- Offboard

| MTBF 6.6 hr 2.125 hr*
Reliability ‘

. Growth Rate dep = 0.016 o = 0.50%*

4 . ‘ dep = 0.099

SO ; *Based on a mature MTBF of 17 hr 10% x (1.25 x 17) = 2.25

I RE **Based on a reliability program of high intensity

. ’ Like the UH-1D, two distinct growth rates were observed for
the AH-1G on the log-log plots. The initial slope Oep = 0.016

' was again considerably less than the minimum RPM value (o = -0.%).
Unlike the UH~1D, the second AH-1G growth curve segment Cep =

0.099 remained below thé minimum RPM value, even though the AH-1G
M&R program was considered to be of greater intensity than’ that
of the UH-1D. This is discussed in subsequent paragraphs.
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3,4.4‘ The RPM Off-Board MTBF Versus Hellcopter Off—Board MTBF
-The RPM deflnltlon of off—board MTBF is, by ‘the nature of the
'hardware, not that used in the UH~-1D and AH-1G growth curve
development. The RPM definition: is based on taking a statis-
tically derived 10 percent of the MTBF goal. ‘Bécause of this,
many of ‘the low MTBF failure modes are still present prior to
the start of system-1level testlng. Hellcopter off-board MTBF
is based on "flight quality” hardware. The helicopter com-
ponents have already "expérienced. de51gn ‘support -ahd quallty
conformance testlng before belng pronounced fllghtworthy.

natéd prlor to flrst fllght. Also, hellcopter componencs tend
to be part of a contlnulng growth from model to model: This.
results in a high off-board MTBF valie. Thus, the requlrement
for "fllght quality" hardware for testing ensures that off-
board MIBF values will be hlgh

3.4.5 RPM Program Intensity Parameter Applled to UH—lD and
AH—lG Rellablllty Growth )

~

The particularly noteworthy feature of the RPM technique when
applled to conipléx electronics equipment is that the rate of
reliability growth .can: be substantially altered as a direct
function of rellablllty program intensity. However, when
applied to UH-1D and AH-1G helicopters, this was not found to
be true. The AH-lG, although developed within a rellablllty
program of higher intensity than that of the UH-1D, demonstrated
a lower rate of reliability growth when MTBF increase was
plotted agalnst accumulated test time using the RPM technique.
‘See paragraph 3.3.2. For this particular situation, any kind
of plot with test time as one of the axes would have the same
outcome. Figure 39 further illustrates this. -At the upper
end of each growth curve there are two or more percentage data
points marklng the last hour of testing. These points. repre-
sent the continued reliability growth after completion of the
last hour of testing. It also demonstrates that corrective
actions indeed do require considerable lead times for inccrpora-
tion since each data point. corresponds to the begiiining of a
new FY production. The RPM technique applied to: avionics
testing does not encounter the above circumstances because it
requires that failure modes be correctéd and a design change
be incorporated in the hardware before testing resumes. This
is an unrealistic requirement for a helicop*er development
test program. Aircraft design corrections are time consuming
even for the most minute changes. It is not reasonable to
require that testing be delayed for incorporation of each
design change. If this were to occur, the .cost due to down
time between test sequences would be unreasonable.

105




T T s o g e
’,:q, 1""‘ > = - = - ”
e .-
. e . —
F. , :
- . 3:4+6 Conclusions on Applidability of RPM Technique for
Ol ‘ Predicting“Reliabilitnyrowth,ofAHelicogpers CoT
SN DA Thé RPM technlque is not a v1able method of predlctlng relia=
3 Sy bility growth of a helicopter. ‘The precedlng ‘paragraphs have
= : shown that the off-board MTBF and ultimate MTBF relatlonshlp
o defined by RPM is not valid for hellcopters. RPM does not
e . consider double-segment growth curves, Rellablllty growth
f'ﬁ ‘ measurement .defined by RPM is not suitablé for hHelicoptérs.
;T“ ‘ When. program 1nten51ty is changed to alter the growth rate,
A : the response has not been predlctable when measured uSiﬁQ RPM
% oo . ground rules. Further, the range of o £ 0. I to- 0.5 is the
P I résult of long study of avionicés equipment hlstory. The o
e - values generated by thls study have not generally fallen
- I within thé bounds of the RPM method.
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‘TABLE'g. FLIGHT (TES") TIME VERSUS MTBF FOR UH-lD

ACCUHI- Tlme Bases Total Oppratl Test *':k**,** ‘_k**r*/
ry PR 0| PHC | Time Used To Plot @ lumar | aras
_ Program| It | Testd b L T
Col. il 2 | "3 | 4 |Time # | Time *|Time | (Hr) | (Hr)
YUH-]_d €| ) 4 A ': f< o :‘**)‘ Py
Off-Bdy | | 100 | 100+ 100 ] 1007 7.8} 7
62#%% 0 2899 | 280 | 3179 ] 3179 |_ 3179 | 9.5] 9.¢
63 | o [3032 | 335 | 42677 3179 | 4213 16.0] 10.(
“64 13606 | 5855 | 435 : 19896*5l67852;-138867:L2;5« 12.}
65 | 21946 | 6826 | 485 | 29257 | 25125 | 29052 {15.3| 15.¢
| 66 36785 | 7106 | 5335 | 44426 |39964 | 44171 1647 16.
67 49947 | 8113 | 535 | 58595 | 53126 | 58340 |18.4| 20.:
2 T 68 |49947 18453 | 535 | 58935 {53126 | 58680.|21.2 | 22.
2 A | 69 . 149947 (8826 | . 535 |.59308 | 53126 1 59053 [21,4] 27,
, ¥ & ZcCol. 2+3+4
, @, = Col. 2 + 3179%**
?: % :L @4 = Col. 4 for YUH-1D, Col. 3 =4 foxr FY 62 and
1 ' Col. 2 + 3 + 280*** For EY 63 through EY. -69
< ** 100 hours shakedown is the earliest point at .

which off=poard can be considered. Prior to
100 hours. it is not known what the aircraft
MTBF is. The 7.8-hour MTBF was .demonstrated
on the YUH-lD.

**% 3179 hours includes 109- hours shakedown. 3179 total

3 - \ operating test hours Were accomplished prioc¥ to thé
E M&R Program beglnnlng ar.d de11very of FY 62 aircraft.
g g‘ ‘ *%x*% Resultant MTBF's if failire rates. for unincorporated
U | ‘ corrections had been subtracted .copletely.

| i
T , gi x*x%%% From Table 7, Col. 4.
; R
: 107
E:,

’ N "XA v-\,

< e . ‘-

, ER

« .
w,aa.. ,J-Q pes T :<'.‘- ‘
hd - ——

.
. AP A a
T mg mwgmf\ e T LT




* (owT3 3563 OHY Pue SWT} QI-HAX ‘PWT] PoIOITUOW WexbOId UIW) é
SUWTY IYBTITF SNSIdA QT-HN I0F (JLIW) Y3amoxh- A3TTTqeTIsd °g 2aInbTyd :

(S¥AOH) HWIL (LSIL) LHOITI
-000° 00T 00001 \ 000°‘T 00T :

7 B N

108

n

(S¥NOH) J9IW

JHH .T - T
AR u 4_”3- 1
- voaii ; x o1
= et ik i
3 ks - TT i 110 Ht 1] L.un
: R ML : : A 1 TlE il REE B8 0z
- SR s z Ridalf R i H o o o Q BH= RRS
i RAd b d 1 o NRE it HE R g Tl 2
, BEEERE A§SEES g CIf SRR H L H
: FHEEEE HE o€
oxn 3l i AT :
i y 23 i T p
y . 9T v o V1
w,, 7440 = Ty  c90'0 = "tm
3 y A
A |

[T RN
:
g
.
*




¢

s (swty umou OHE pue SuiT3} AT-HAX ~mﬁau paIojTUOw wexboxg szv
wEAu IYLBTII snsasa dT-HA XOIF Ammazv yamoxh A3TITqerTay

(S¥NOH 000/0T) EWIL (LSHTL) IHOITI

*6 2anbTyg

’.
;. 9 S 4 £ [4 1 0
2 2 1 — [l ,\ ) ~ L . - 4. “( 2
; 0
|
\
" 2 1S
o]
trj
P ()]
= o
m -
w
~r’
3
“,.‘
Y
=
.
N
£ -GT
y
m f
3 ? . » L3 =
1 R PO P, I P . \3};\5‘4};{;%}! Il!l%z.u?ﬂ PP e S PO
. - . . -y S
e — » Gro < o
b isig D :c. i e fa i e o R




=R

Eand =

5 seafal Shatiie Sla dhall

i et asigid

e T

R W R TR

EVERT LYY T AR

i Che il S il sl
i

o

000°00T

(s¥AOH) TWIL (ISHII) IHOITI

1 000°0T

* (suT3 poxoztuow Wexboxg ¥IW) SWTI IYBTTI
snsx9A dT-HA T03 (JGLW) Yimoxb AJTTTAeTTIsSH

000°T

*0T oanbTa

00T

I il 4 : H _ i
. 4 32 W & w
q- N i FRANN .. [N i
=fi, T o in 1K i b
m b 1k " e B Hr gt
|1 by o 13 H - 4
et RTH Y 1 ihh b ! b 13t !
il {if Y HE N ik ity =
et} v o o I = M b b =1 ==]
i H H Stal | i FHH =
BIR X [} REREY RIS EHHE
: i v m 1% 1
i i il it AL [ R <
o : ¥ _ ST e TR == ot
L £ “. R e T B BRI Mo
gr: = =T D e Y TN I S IE]
2 i i HEREREg UM R =
1 i1 H T ] 1Ll
g k! At n arigh =
{ P TN E IRIRH =
{ i liti]id. Agedtige e
3 m EY MW e s %
2 N L A o
i ATl TN
i i pRai s
-] - = . m.“. . . i B m:
i 1 w.,* ) ot ﬁ 1] z;m e
i s T ! A e M
ot oo dogs Ba L. 0 -e - . ™ - 3 -] -
) N 4f 5 h LR 4 m n AN 3 M x 0z
5 1@ e o -1 AR T R AERER :
A JHHE ”? il iz il b b A B |
% i il s i ik £ T HAEY
3 T i T i ;
| A_"..‘ : Ihiit il s
iy I 4 {3 _- Aah
6GE€°0

RO




* (swT3 poxojzTUOW WeXHOXI YIW) SWTIZ

IYBTTIF snsasA dT-HA I0F (JGIW) YImoxbh X3TTITqeTT™
(SYNOH 000¢0T) HWIL (LSAL) IHOIIL

9 S N/ € KA

I R Y - ~

)

i

*1IT @anbta

(S¥NOH) JA9INW

111




000 00T

* (oWT3 ATI-HNX PU® SWI} paIOjTUOW Wexboird WIW) sSwrl
IYLTTIF snsasa I-HN XO0F (JGIW) Y3Imoxh XITITqeTTSW

000“0T

IHOITI
ooo.H

(S¥NOH) AWIL (LSHAL)

*ZT 9anbra

001

P H N
aaalh H i
il L r agS3EEREnE
i , e=lht TR 5
¢4 4§43 e
= L Awgan ‘.LL.. t H u

' Fri LT H m ~ —
b - T : =

- . ., =1

L =]

. Ve =

8 = &

; A -
4 01

y -

' g€ o Zenli

¥ H i
m‘,,., =3 (1] .”..sL H H ON

. =5 i I

b L LA H 3 Ak

y Om

[t

] g Ve

. £c'0 = %5 290°0 = V°w
;.
s

2
w e S N — R — B -
3 NS .
3
W
g -
3 -
e eyt e g =gt A e ey e et - - I—
-
i ‘L,,J\,wwq.%.\&é_. S it 2 ar R R YR e, s




* (PWTY dT-HNX PU® SWT3 palojtuocw wexbHoxd WBW) SWTI
= 3UBTTI SnsIA dT~HN -XOF (J4IW) YImoah AFTTTeTT=Y

"€T °anb1a

/W. ol ’ - “
(SYNOH 000’0T) EWIL (LSIL) IHOITA
e L S S S ———— N "
! »
o . G,

los]

s |

= -
. "+ W -

[92]
3 2
2
"_‘..
3 |
b I
] Joy ‘Mm
w 1
m ¢ 1
w 1
¥ | i

-GT
L
A @ . P S o=y . oy - - o e N e "
- - >
24 w8 st s A ‘.trhh,.%i r. “ ..xi,‘ - n uM/.FrHQ "




*SUOTIBUTAWOD INOY 3S83 JUSIASIITP 99IY3 YITM :
seAano Yimoxhb AJTITARTTOX dI-HN JO uostaedwod *pT anbta

/"

s

\ w . - H
; Ty
r - S I B
i R (S c.mm
N s R Y |
(SYAOH) EWIL (LSIL) ILHEOTTIL ;o R
Lo 1
[ [ " [4 ' AN &
000°00T 000" 01 000°1 001 PRI £
2 - . . - \ . \yww ”
. : 1 ! O
o 4 2 T I N 11 T . “ 3
, 1 . NAkonh N irhiird by . (N 1 3 ni . *;
g VT N ki : .
W RG] s e K] ! IRIHH o H = Es [4 R
LR 2y Al Bl ity fies i = S
FEEEn H HIE i b S
G HEL TR b JA HEEE R m .
3 p o 14 ! [ ' i1} o] of o —f
oy S i ; i o] '
5 ow b Bt {3 43 ' Hid tia it AR B St i B s ik et . .
Sl Ayt Uu;H-r nﬂmw M . p - nm .m.-um ;m m P por A R v o & -
FERER EH ; I I Tiakeed S ~
- H e ! 1 S Rt 1 Rk tP vy H
. B ! IE LI iey HAH s S

‘ 5 2 ot b e EIEEEE R :f- m

" 0 3 (] s [] ’ I3

. M- IanT i w _

! \ K 3. i IR BT o’
: , : m i 01 M .,

B ' .M; .w M M&m
e ‘ ! i | &
S . ik -4 ‘ =

, : ferag pel . wﬁ A , £

. g asl ge .u i PARNNERED [N g ON ,M

. 45 _.“”..! 3 L q-10idd - o ~ '

K B AR SR bt i ARt i 3 ww

. T Pt g bt e R e b St 20 o 444

i s EEER AT Jr.“ .u 1 b behl gy ". o€ ‘ w~m

4 ; i o Rt L1 I obrh H

: : e v R 1 T R H

g + i ==t ! kA ‘ i

y 7

o} RS

. . i ww
: :

- : i

- L. - & -
Y - - -
: ~ P N -
i e - T —— Poat e = - s . 5 -
3, Gl G
-~ e
SE o P L
PR R R Yo N
2 B R W R e nfl L = . B
2 el AL T . T N . .
hsasieah dicre i

-



(*3d4IW Y3 UT PepnIouTr 91 sjuswsasoxdwt pojoslox
pue po3exodIoout yjog °‘JEIW SNSISA SWT} PIIOITUOW YIW)
. .mEdu JUBTITI snsIsA QT-HN IOF (JEIW) Yamoxb A3TTTARITOY  °*GT 9INBTA

(SYNOH) EWIL (ISTL) IHOITA
000°00T 00001 000°T 001

! n
O o o £ ad B2 Ed o e S S B o i 0 22 0 S S0 2 200 2000 00 - 0 St e S e S A et ot et St 2nnt B 22 O et e 8 O 000 A Ottt S At St ettt S o A ben A ot A s R A w i M mm ina RN B R
e H L 38 e H m”( N
- e s be i % nmy 4 st o § € 8 4 R
3EHBSRS g 3 ={=4] T ERRE T S _nu;.n..- 1 =R T TR R

]
=
rad
)
t
T

| REH T

L9t a0ty
8 0

'
1
t
T
e
n

(S¥NOH) JAEIW

N
o
—~

A
T
1
3

LN + “B I , =
] A4 2y g . N IiE T :

ﬂ
3 . - 0+ T H H H
3 H . A an 1 - ] ] :

o, e alehad : 0t
- 3 e H : ; {1

| 3 - sk 14 N
9 s e .
3 »
T - 0t
;

e £
™

. | | e = o zo0r = Vo

coan Gt g

v
> y K ' v -
b
3 |
y B I e e »mlisf{%{il{?l!l»rkfsxlﬂﬁhtrb.?EW;u?F
. L. N
© B B w e e . o t
© e - i
3 i -
.
i
e :
T e eva———re e e e

Lgn T C el e T + .
- .
T N N T R T . ‘hr . .. . .
e - ol szw ,\&mbbnukfw Jr:g FRTRAGE | ST I T NIRRT L e




(*3d9IN dY3 UT pepnIouT sxe s3juswesoxdut pa3joslsa
pue pajexodioout y3og *JEIW SNSIOA SWT3 PIIOFTUOW YIW)
“outy IYPTTI SNSISA QT-HA IOF (JGIW) UIMOI6 KFTTTARTISY  *9T oanbrg

~ {s¥nOH. 000“0T) EWIL (LSAL) THOITA
9 8 i & R .0

Y - P K . RS 13

. L AN
Py S Ny - RS PO 7

0

(s4noOH) JdIW
116

P e




Rabiek Ay
P »

Sty

TR EeTE py

A i i o o
« CT

SN
-

AR Sa o

b Bl 1 s
v - .

N PP

TABLE 10. UH-1D DESIGN: MTBF AND TEST

......

TIME: VERSUS ‘CALENDAR QUARTER

CY by
Qtrx.

| pesign |

MsR

Baseline

= ‘ Qpéfa;ing~

63

MTBF

10.1
10.1

 Time

3179
3179 .

. Constant = Hours Plot .

3179
- 3179

64

11.3
11:7
11:7

1 13.7

2267
9011

13606

3179

3179
3179

3179

5446

. 16785

5‘3179.

12190

65

14.7
1429
156
15.6

‘17682

21205

21946,
21946

B
3179

3179

3179

20861
24384

25125

25125.

66

16.3

18.3
1:8.6
18,.~6.

21946
29392
36785
44846

3179

3179

3179

3179

25125
32571
39964
48025

57

18.7
18.8
19.7
20.3

49947
49947
49947

49947

3179
3179

3179

3179

53126
53126
53126

53126

68
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21.0
21.1
21.4
21..4

49947

49947
49947

49947
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B ! ~ FOR AH-1G
22 B . " | Accumulated Flight Time
) ' Fiscal . BHC/Army i - , .
A ' Year M&R Program. : MTBF MIBF¥** ‘
) 1;3 i - _ . ' . . J R e . . . - . . .
FY 66 ' : ~ _ -
] 27 Lot 4 & 5 100 : 6.6% % 6. 6%
£ |- Off~-Board
£ Loe6 | - w2 ) >
. FY 67 “ 6,59 o 7.0 7.0
;L s —t S — - —
L FY 68 1 24,884 8.1 8.2
FY 69 | 66,272 9.4 9.6
’ » - : S —— - —
= i FY 70 : 66,272 9.6 9.9
? 1 * 100 hours shakedown is the -earliest point at which
A ‘ off~board can be considered.
X *% Resultant MTBF's if failure rates for unincorporated
3 corrections had been subtracted completely.
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o :
S O
3
3 ] ¢
%" o 1 124
!




b ity
A

N

ks

 (J9LW POAISSQO SusILA BWT3 IYLTII

UZW)

(S¥NOH)

IWIL (LSHL)

5I-HY I03F (JLIW) Uy3moxb ATTTqeTI=A"

IHOITA

*TZ @anbtdg

n

0T

0¢

-
¢ 0001 001
000°00T 000°0T :
. - .
I . L IHARY .
HE ” iR
- NER o] mbon ad of wdm o fe -tefer o o oy obe pa
- B I o NN A
s T 4 l,.. wia wfomgor § o pomd
-+ 1111 -1 H - A - B AN I Bt N AEEH SR O I ot
[] Soh L1 ot R 2 N R 0 -1 " 1 g4 B PR Dot e
B9 N I 2 B B of A} o7 bl - N ' N N 908 o o)
T s ! T o ot At R RS R S O o KE - < j={~ : 1 b
X R . 2R T | TEC) [myere g g
N . N ofe M [ P 1 i i i Tl
' o . - q0F e =1l R i M A P e
1 = . : 3l ) e N of=tete { i Air ol Pt o
= L. Mk Rk iR .l L ik
- : st F o ERER T T ; RERH THIF IR
i1 £ N SRR S . . L1 ARE i R RSN
. - 3 " N . 1
, , " ST N : EEANEN T AN T
LT - . - 1. DO 1 D D 4 44 [z
Lrre EARR RN B8 1 Rtk o BN D A=k HAal 1 p
b - ol i » i H 5 1 g
(3 degebote}=]~ + 0 N d.6 N P T P ‘ - .
- \ - . ] - 4 1 Eee -
1 i P
38 Hm v g T KN 1 ik g Uh i [
LL by BERASEEY ¢ ﬁ wl [ S P I Al F e I
-4d Wivhe * LS - —
- =y o B } ' T T . L1, ] el e m . ‘_n.mu. St
BN i _u..‘. S REE R ] RILHE LR B bt
o= 3 A0t . T
Sl EgEs
! . R el NERE NN N ]
.
RANE uN AR R 1
S0 Ry - T A ] f=F b=l = . . 1= . -
P -] Fof ol b Jmfoe H T -1l
HHH - it et bt AR B A X1 . 31T . B
€k RARERNRIHIIRANN . - Hsd g .
ng cfale N PRI .00 poes of Ju o~ “ -.AII“.-.”(.” bt sk ok vk
. f=p i1 upm §oom§ g
ad i ROENMS B b AR » B
..... T n
- N EEA ISR o ot o e e A = RS R ehih =L el 4 “inmlo
3 == 12 e T R o b 2 o L HEQUN N R EE o ke : Frei T
= oy P 0 9 BT oot N i HEs . b it M - a
BERELe e 4 Lajcis X .”‘,”.l.i.n.. | A HHL B I 5 (At R P B P - ,
HT- 2 AN - b . 1 1 O O simbmi=i]
¥ : * F1LY B > - - for § g $+ forpm
4 1k AR RN m i S Lk o R b +4i: '
n ] Il i aar . =l 2 =

(S¥NOoH) JLIN

125

-4




N TR

* (I9IW 'POAISSHO SNSI9A BwWT} JUSITI
YSW), OT~HV I03F (JGINW) yImoxh AITTTqeTT™Y

(5¥NOH! 000/0T) AWIL (ISAL) IHOITI
S v ) [4

1 , ] | ; 1

*ZZ @anbtg

(]

(S¥NOH). JAdIW

126

£
£
.
I e e o A - . - - P (O
= — - ) ,
i .
3
n
\I)- -
s - —o
”
i R (A RRTEN ,.. s <
s i g 2 LRI o, o e B izt




000°00T

pajeaodaoour y3zof)

(*Jg9Iw 3Yy3

uT pe9pnTOUT aaer sjuswaasoxdur pajzoldLax pue

(- J4IW susIoA swrT} IYSTTF

¥3W) DI-HY X0F (J4IW) YIMoxh XRTTITIQeRITS gz oanbrtg

(SYNOH) AWIL (ILSHL) IHOITI

000°0T

000°T - 001

- Tﬁl.. 4 N
1 n HaR 21 N 114 ]
e o - i - s
T T 1% | H 1
441 os!
L 1 s A A it (4
4 g FE R S = sR{1ts

e

[[aes gxen

3
103 s ol

= = fL R B SR
1.4 TERNEEARY
: == s 3 = T m
1 e EN B DR B : R fitiie kY b
EEZE SRR e £ S R e R e s P
B AEEES REEa = EEEI VL gl BEfE i e § o
i 1 1Ey)ge 11
Frn m 4+ O
EnETS ; . s i =
ek _ _ p w 3
4l f by anfede - - | i et fda ) T hE Y g b 34231 -1 taa ~/
i ER LN R 1l .OH
] S B B LR E )7 it
it I R B i RekiRd i : i HH
ki I - B | LR R - i
. Sk 13| EERREea iR 41 1 HEEE . “;.u 35 tHHSE 0T
Slindse SAEHHNIEH IR RS et RN RN RS 1 n ol vEr b as .M g i R =
e be et g TR out o 8 I e oy e iy - por e 0 et o g s 1
Bl S EE HepEE R e s
H T R a1 A EE K HIHITE EERR R o€
L._ .* BN NHENN L1t i

127




dxe sjuswaasoxdurt pejzoafax pue pejzexodioouT Yyiod)

(*d9IW 9Y3 Ut pSpniour
(*d9In

£ng¥eA BWr3 IYSTTF WIW). DT=HY Yoz [IHIW) yanoxb AITTTqeTT=d °$Z 2Inbra
: ((SYNOH 000/0T) HWIL (LSHL) IHOITI

L 9 < Y € A T 0
. i..u ] - _ _ | - .Z:.-‘ T ._ O‘
| - T
- T
- €
-
)
- 9

°

S
~

(S¥NOH) J9IW

128




e » TABLE 14. AH<1G DESIGN' MTBF AND- TEST TIME VERSUS -
'CALENDAR QUARTER

S

rr= > - N RN L

: Design ¥ MR Time
Calendar Quarters | MTBF 1 (Operating Hr)

1967 -

N3

B : S
6.6 It 1,002
6.8 4,710,
7.2 1 10,643
7.6 : 17,592
8.1 1 24,884
8.3 33,488
8.3 { 43,020
9.1 I 52,930
9.3 5 62,675
9.3 66,272
9.6 L 66,272
9.7 I 66,272
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TO, TOTAL FAILURE RATE DECREASE

TABLE 16. AH-1G SUBSYSTEM PERCE'NTAGE,.CONTjRIl;UTION

Fa

Subsystem

A
- 1 % of Original
" Total,

(FY66)

Failire Rate}l.
* | Failure Rate

‘B

" to Total
Décrease In

% épntr{bi)tion‘ .

o G
Subsystem.

TIaiprovement

Factox
B/A

N =

X ‘Airframe

24,4

Lo -

“seats 0.7 0.5 0.71
' Coytrols 22.5. 32.5 1.44
Drive 6.3 a1 ) 1.13
| Electrical ( 19.3 15.5 0.80
Fuel 1.0 ¢ 0.0 ~ 0.00
’iHydraulié 3.1 0.8 . -0:26
| Instz. Iﬁstl. 1.3 L4 1.08
_0il Cooling 3.1 8.0 2.58
1 Pover Plant 6.3 3.6 0.57
‘Rotors 5.9 0.5 o.oé
| Caution/Warning 4.3 3.4 0.79.
| Auxiliary Equipment 1.8 2.0 i.11
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FLEET TIME (100,000 HOURS)

Figure 38.

7 - ~ L 1

1 2 3 4

CALENDAR YEARS AFTER FIRST FY DELIVERY

UH-1D and AH-1G fleet time accumulation
versus calendar year after first FY delivery.
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4.0: HELICOPTER RELIABILITY GROWTH: PREDICTION TECHNIQUES
. FOR FUTURE HELICOPTER DEVELOPMENT

A limited helicopter reliability growth prediction technique ~*
has been .developéed from the relationships defined in this
study. It has been demongtrated ‘that under the conditions
that existed in the UH—l/AH—l M&R program, the. rate of rella-

bility growth. was constant and equal for the ‘UH-1D .and AH-lG.

This fact allows other relatlonshlps to be developed that
permit the tailoring of test programs to budjet; requlred
MTBF, and off-board MTBF. Theré may be risk involved in
applying this technlque to hellcopters not of the same size
and -complexity as. the UH-1D and AH-1G and manufactured by
someone other than BHC. The technique may be llmlted in that
it is derived from data from a failure ménitoring and correc-
tive action activity on a sample fleet of 30 or more 1n1t1al
productlon aircraft with a test time accumulatién rate in
excess of 1200 fllght hours per month. The 30 aircraft fleet
is significant in that it was determlned to be a statlotlcally
valid sample consistent with the M&R program definition of a
sroblem requiring correction action. The 1200 flight hours
per month ensures that a level of testing is maintained con-
sistent with the growth rate demonstratéd on the UH-1D and AH-
1G. Obviously, the technique is not intended to be used t6
predict a rate of rellablllty growth, since that value is a
constant. It is intended to be used to predlct test t1m=
required to achieve a given mature MTBF, knowing beforehand
the value of the off-board MTBF. It is to be used to predict
what off-board MTBF is required to meet a given mature MTBF
with a limited number of test hours. Also, it is ‘to be used
to determine what level of mature MTBF can be achieved with a
known off-board MTBF and a limited number of test hours.

4.1 BASIS FOR DEVELOPMENT OF THE PREDICTION TECHNIQUE

It has been shown that the reliability growth rates of the
UH-1D and AH~1G are equal when expressed as a cumulatlvevper-
centage reduction in failure rate versus fiscal year aircraft
model. ‘'The fiscal year aircraft model scale, for practical
purposes, can be converted to calendar years, because each
point on that scale marks the beginning of a fiscal year model
delivery within a calendar year. Percentage reduction in
failure rate and calendar years are the logical axes on which
to plot reliability growth This method has been shown to be
insensitive to variations in program intensity, rate of test-
hour accumulation (above some ceiling level of testing), total
test hours, rdte of proklem correction initiation, and type of
aircraft. It makes wuse of the one variable that appears to
dominate all others, i.e., the length of time necessary to
incorporate corrective action.
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Section 3.3, 3 demonstrated the linear. relatlonshlp that exists
between cumulative percentage reduction in failure rate and
growth time. _The UH-1D and AH-1G rellablllty growth -curves
both exhibited slopes - .of 8.6 percent per year reduction in
failure rate based on the:-off-board fdilure rate. Thls re-
lationship was. shown to exist through 8 Galendar years.

4.2 DEVEEOPMENT,OF THE PREDICTION TECHNIQUE

A mathematical relationship among Off-board Méan-Time-Between-
Failures (MTBF ), mature or required Mean-Time-Between-

Failures (MTBF ), and rellablllty growth time is easily estab-

lished, know1ng that the rate of rellablllty growth is a
cénstant. Cumulative percentage Teduction in failure rate is
computed frém an .initial failure rate or of f= board failure
rate AOB’ where

A = _l_.._...
0):% MTBFOB,
and from a mature failure raté or regquired failure rate A
3 where
t AL = _...l._ ‘
R ~MTBFR

Since a cumulative percentage reductién in failure rate exists
in a linear relationship with calendar years of réliability
growth, an equation relating the two will be of the form

y = mx + b

where m 8.6 slope of the line

b.= 0 since the line will pass through
the origin

X = Tg calendar years of growth

hop = Mg o
1 and Y S|l 100 ) percent reduction in
X OB failure rate.
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Substituting for y, m, and x,
Ap = A /
& (1‘00) = 8.6 T
OB )% g
Simplifying the equation. and solving for T,
A &
T o=l1- j53~ /. ’
g . OB,-A,\
ituting £
Substituting for >‘R and )‘OB’
o MTBF
{ . Y OB
: T, =|1 WTBT, -086 (8)

where 82 Tg z 0.

since this relationship is not known to 'be valid beyond. 8
calendar years.

Recall from Section 3.3.3 that calendar years of reliability

growth, Tg, could be related to ‘calendar years of testing, Tt’
through correlation with the Fibonnacci sequence, whose ratio
1l + 315

of consecutive terms is 5 , or 1.618. Thus,

Tg = 1.618 Tt

Substituting for Tg,

MTBFOB
1.618 Tt =11 - WR— '/.086
MTBF
=(1- .98
T, = (1 WTBF, | .139 (9)

where 4.942 th().
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This equation defines the relationship among caléndar years
of testing, off-board MTBF, and mature or required MTBF.
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5.1 CONCLUSIONS

5.0 CONCLUSIONS AND RECOMMENDATIONS

‘The data retrieval and analysis effort -and the UH-1D and AH-1G
reliability growth evaluations indicate that:

.development to ensure that the off-board MTBF is as

Reliability growth of the UH-1D. and' AH-1G wa$ constant.

There are many variables that may affect reliability
growth. However, the time required for incorporation
of a corrective action dominates all other variables.

The Reliability Planning and Management procedure is
not valid for defining helicopter reliability growth.

For helicopters, there exists a level of testing above
which further increases in testing will not increase
the rate of reliability .growth.

Intensive reliability engineering effort should be
expended during the design phase of new hellcopter

high as possible. This will minimize the reliability
monitoring program required to achieve the required
mature MTBF.

The investment in an aggressive reliability ‘engineering
effort during the design effort is the most cost-
effective way to improve the hellcoptex. This does not
imply that reliability growth testing and monltorlng
programs should be abandoned. There are mission- and
environment-related failure modes that cannot be fore-
casted from drawings. Early discovery and timely cor-
rection failure modes via a reliability monitoring
program on an early production lot of fielded aircraft
coupled with an effective reliability engineering effort
during the design phase will ensure the most timely

and cost-effective achievement of the overall aircraft
reliability goals.

5.2 RECOMMENDATIONS

As a result of the above conclusions, it is recommended that:

A reliability program of field failure monitoring on
a controlled sample of helicopters be made a part of
each new helicopter develcpment.
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A study be conducted to determine the gptimum and
minimum rate of test-hour accumulatlon for reliabiliity
fallure monltorlng activities on helicopters..

A ‘helicopter rellablllty growth>evaluat10n be- conducted
on helicopters: manufactured by contractors other than
Bell Hellcopter Company- ‘This will determine whether
“the findings in thlS study are. typlcal of other hell—
copters and will determlne the appllcablllty to. other
hellcopters of the rellablllty growth prediction tech-
nique formulated in this study.

A stiudy be conducted to examine what connectlon, if any,
exists between the fallure mode crltlcallty of the cor=
rected problems and. the length of time requlred to
correct those problems. It may be revealed that hell-

copter rellablllty -growth is proportlonate to fallure
mode «¢riticality.
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,requlred 1nformat10n to support a rellablllty growth eévaluation.

xconducted. ‘There have been various test programs for the OH~58A.
‘Tablé A-1 presents a test=hour summary. A 2400-hour rellablllty

APPENDIX A

FACTORS LEADING TO TERMINATION OF THE
T OH—58A"RELIABILIT1 GROWTH EVALUATION

The OH-58A portlon of the study was: dlscontlnued when it was
determlned that the .data sources avallable would ‘not provide the:

The OH-58A was not the subject of an M&R fleld prégram as were
the UH-1D and AH-lG. There is no period in 1ts ‘history where a
failure monltorlng and problem corrective actlon program was

and malntalnablllty demonstratlon was conducted using two FY 68
OH—58A helicopters to demonstrate that the OH—58A would meet its
malntalnablllty and rellablllty guarantees. . Problem 1dent1f1-
cation and corrective action initiation were- 1nc1dental.\ Al=
though several design changes were made as a result of the
demonstratlon, that effort was not a development program. Had
there been a monitoring program to track the OH-58A rellablllty
growth following the 2400-hour demonstration, the FY 68 model
would have provided a baseline configuration to: which subsequent
FY models would have been compared. This could not be accomp-
lished. The most significant obstacle in tracklng the growth of
thé OH-58A was the lack of credible data .covering more than one
fiscal year model aircraft. It was believed that BHC's Dis-
crepancy/Malfunction Reportlng System (failure reports from BHC
SerVice representatives and helicopter users) would provide
sufficient data on aircraft subsequent to FY 68 models to
identify problems and compute failure mode rates. 'The data
proved to be inadequate on all of the models subsequent to FY 68.
This was due in part to Army termination of technical repre-
sentative contracts. It was at this point that the decision was
made to discontinue efforts on the OH~58A and to concentrate on
the UH-1D and AH-1G helicopters.
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APPENDIX B

A SUMMARY OF ‘RESEARCHED MATERIAL NOT PRESENTED-
IN-THE RELIABILITY -GROWTH' STUDY TEXT

A 51gn1f1cant amount of material was researched in support oOf
the hellcopter rellablllty growth. evaluatlon but wag not
presented in the text of this report. These research efforts
identified and ellmlnated those lines of 1nvest1gat10n that
would not ¢ontributée to the study. It was. knéwn prior to the
execution of this contract that there ex1sted a probability
that some of the datafsources 1nvest1gated might not provide
useful information. This appendlx presents a summary of :those
research efforts including their inténded use and the reasons
for failure.

‘-DATA TYPE

BHC Flight Test ahd Ground Vehicle Test Records.

Data Description

These data consist of many types of récords of activity at the
BHC Flight Test Facility. Four types of records contain most
of the information. The first, Fllght Sheet (BHC Form 7868.
55360, EXPERIMENTAL FLIGHT TEST RECORD), is filled out for
each fllght or ground run. The flight sheet contains the
flight time, number of takeoffs and landings, total flight
time, total engine time, purpose, pilot's remarks, aircraft cg
and -gross weight, and other information pertaining: to the
aircraft configuration. The flight sheet also contains a
summary of maintenance and component changes since the pre-
vious flight. The second is the Flight Test Work Sheet (BHC
Form 7878 55440). This form is used to record each main-
tenance action performed on the aircraft. The third and
fourth types of records are the Flight Test Engineer's Report
and the Flight Test Pilot's Report. These records are engi-
neering reports which describe theée purpose of the test, how it
was conducted, and the results.

Intended Use in This Study

It was believed that these data could provide sufficient
information such as aircraft time and component failures to
establish an off-board MTBF for the aircraft models in this
study.
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Results *

A review of these data revealed that even though each mainte-
nance actiodn was recorded it was not indicated if the mainte-
nance was required due to a failure or some type of nonfailure
cause. A slgnlflcant amount of maintenance ‘data appears to-:be’
adjustments, inspections, and instrumentation:

The data: were not in a format that could be readily computer

: processed. In order to .be used for this study, prohibitively
extensive research in the files of each .aircraft would be
required. :

DATA TYPE

TAERS {The Army Equipment Record System)
TAMMS (The Army Maintenance Management System)

Data Description

The BHC file of TAERS/TAMMS data consists of 65 reels of
magnetic tape containing approximately 12 million records
received from AVSCOM. These records are DA Form 2407 (Main-
tenance Requests), DA Form 2408 (Equlpment Reocrds), and DA.
Form 2410 (Component Removal and Repalr/Overhaul Records)- on
UH—l, AH-1, and OH-58A aircraft. They contain records of
maintenance actions performed on each of the types of a1rcraft
in the study.

Intended Use in This Study

It was intended that the data be used to obtaln MTBF and MTBR
values for alrcraft systems and componénts by aircrait produc-
[ tion lot. Since the maintenance and failure data on the
2407/08 form. is recorded by Federal Stock Number (FSN). and
nomenclature, it must be sorted by FSN/part number, Cross=
referenced, and listed by part number before it is readily
| usable, Since these records do not -contain a part -or ‘component
time, it is necessary to sort the data by aircraft serial
| number and date or aircraft time to determine if the discrep-
1 ant part has been installed since new or has been previously
replaced. By subtracting the first reported aircraft time
from the last reported time for each aircraft, an approximate
time base can be established for a certain calendar period.
With the above tasks accomplished, it would be possible to
estimate- a part MTBF, MTBR, and reliability for a specific
aircraft production lot.

The 2410 records have both FSN and part number blocks and also
have blocks for part serial number and time and aircraft
serial number and time. However, these records are used only
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for "reportable items,"” i.e., those parts with an established
Tlme Between Overhauls (TBO) ;

+ - €

Results . . T - s

The file of 2407/08 records was sorted, and- those records con—
taining -an FSN-were .compared. to a file of FSNs with corres-
ponding part numbers. Listings by aircraft model for
particular time. perlods were .generated. A review of the
1istings. revealed that a. large quantlty -of the 2407/08 recoxrds -
contain no FSN. The nomenclatire was not descrlptlve ‘enough
to determine the part number. Further, it was found that
-approximately -one-half of those 2407/08 records ‘with an FSN.
recorded had invalid FSNs, i.e., the FSN did not havé a cor-
respondlng part number on the cross-reference fileé. An invalid
FSN may be the result of a wrong entry on the original form, a
mlssed keypunch, or part number or serial numbér entered in
the FSN: block: Many of the remaining records were incomplete.
or incorrect in other data entry blocks such as failure code,
aircraft serial number, ‘and aircraft time. Therefore, the

- data were not usable.

DATA TYPE

3-M (Naval Aviation Maintenance and Materiel Management)
Maintenance Records

Data Description

- The BHC file of 3~M Maintenance Records consists of 11 reels.
; . of magnetic tape contalnlng approximately 3 million records

: received from the Navy. These :records are taken from ‘the Navy
OPNAV Forms 4790 on UH-1E, UH- lD, UH-1L, TH-1L, TH~57A, HH~1K,
: UH-1N, AH-1G, AH-1J, and UH=-1H aircraft. They contain records
S of maintenance actions performed on each type of aircraft
{' i : listed abové. Several working files: of data sorted by type of
L aircraft and type of data exist. Computer programs process
o . these working files to prov1de listings by type of aircraft,
; i .containing maintnenace action rates, failure rates, abort
4 ; rates, and maintenance man-hour data. These rates and main-
' tenance man-hour data: are biroken down by work unit code (WUC).

TAET
e

T IR TR

| S Intendéd Use in This Study

L B It was intended that the data be used to obtain MIBF and MTBR
i values for aircraft systems and components by aircraft produc-
tion lot.
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Result - . -

Extensive' computer programmlng ‘would have ‘been reqiiired to ob-
tain the data listings in a useful Format ”urther, a review
6f the raw data revealed that many records are incomplete or
incorrect in -the part number . and part tine data blocks, ‘thus
making the entire record useless.

‘DATA TYPE

3-M (Ndval Aviation Maihtenance and Materiel Managemeéent)
Analysis Data

Data Description

These data are provided to BHC by the Navy .and are: contained
on microfilm and computer tab runs and are ih three dlfferent
formats. The first, "Fleet Weapons Rellablllty and Malntaln—
ability Summary" (MSO 4790.A2142-01), covers data on Bell
helicopters for the period from January 1967 through June
1973. This report is a six-month summary 6f the humber of
maintenance actions and failures and the’ correspond;ng rates
for each work unit code. It al'so contains flight time, total
maintenance man-hours, maintenance ‘man-hours per flight hour,
and elapsed time per maintenance action. ’

The second, "Aviation High NOR/RMC Items" (4790.22099<01),
data ‘covers Bell aircraft from March 1972 through July 1973.
These data are presented for each alrcraft by command and by
Navy total NOR and RMC timé for scheduled and unscheduled
malntenance, and NOR/RMC due to supply for the three high
items of system and the total aircraft.

The third, "Fleet Failure Summary" (4790.A2107-01), a report
covering the most recent twelve-month perlod, is issued monthly.
The data cover September 1971 through July 1973. This analysis
lists the number of maintenance actions performed on each WUC.

Inténded Use in This Study

The data were reviewed to determine if it was possible to
ekxtract aircraft serial number, total time, part failures, and
part times.

Results

These data are a summary by aircraft type and WUC. They can-
not be used to establish a correlation between aircraft pro-
duction lot and part MTBF. Therefore, the data were of no
value to the study.
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DATA TYPE
Bell Hélicopter Bench Test Récords.

_Dafé ﬁéséripﬁioﬁ

Englneerlng bench- test repdrts .and, 1og books contaln the -
results of ‘bench testing: The follow1ng 1nformat10n i's.
contdined in the records:

- Nomenclature of componenet undérgoingtest E
- Part number

- Test conditions (stress level, etc.)
- Duration Of test

- Sucéess or failure statement

- iFailure mode if a failure occurs

- Occasionally, recommendations

Intended Use in.This~Study

. It was believed that the tests could provide sufficient data
to establish early .component, sérvice life. The 1dent1f1ca—
tion of fallure modés present in the test was to be used to
establish the configuration changes occurring in hardware

S | . prior to productlon. From this information, component relia-
E : bility growth during the development stage could be determined.

Results

Many of the components being tested: were never intended to be
flight~quality hardware. Often, the tests being conducted

: subjected the component to stresses that do not compare with
1 those encountered in normal service. ‘Many were tests to de-

: struction. Often, the records contalned insufficient informa-
tion to be useful to the program.

g DATA TYPE

e Design Change Documents

Data Description

The Product Change Authorization (PCA) is the document at Bell
Helicopter Company which governs design changes. It is. created
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follow1ng approval of an. Engineering -Change Proposal (ECP).
The PCA is an administrative -document whereas: the ECP is a
technlcaIAdocument . - .

-3:

Intended Use in This Study

Each PCA and ECP applicablé to the helicopters in this. study
was to be examined to determine its 1mpact, if any, on rella-
bility growth. Those that did result in a reliability .
improvement were to be used to establish the configuration |
changés that resultéd in an MTBF unique to each FY .model-:

Results

It was found that ‘the volume of PCA' s and. ECP' s ‘was too great
for the project manpower and budget. Design changes: are ini=
tiated for a variety of reasons including advancement in state
of the art, safety; customer request, specification v1olat10ns,
cost reductlon, pr)duct improvement, and rellablllty improve-
ment. Detérminin.. whether a PCA resulted in. improved relia-
blllty or not reoalred lengthy :daca search and analysis. It

was. determined that the practical way to approach the problem

was to search for corrected problems and to key those back to
the individual ECP's :and PCA's to determine effectivities.

The conflguratlon changes that resulted in reliability improve~
ments. could then be established.

DATA “CYPE.

D/MR (Discrepancy/Malfunction Report) for the OH-58A

Data Description

The D/MR {BHC Form 7871 57985) is used by BHC Service répre-
sentatives and customers to report problems/failures and to
request warranty consideration: The D/MR form is. blocked for
keypunch and contains aircraft time and part time, serial
numbers, part number, and a description of the failure, a
known or suspected cause, and action taken. This information
is computer processed and listed by aircraft model.

Intended Use in This Study

Since there was no M&R field program performed on the OH-58A,
a cursory analysis of the D/MR data was conducted to determine
if it was suitable for use in this Jrowth study.

The D/MR data for FY 68, FY 69 and FY 70 OH-58A aircraft was
reduced, and summary sheets were preparéd contalnlng failed
parts 1nformatlon used to calculate and plot MTBF versus
calendar time..
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Results

It was determined from the above data review that the D/MR
file dld not adéquately cover any conflguratlon ‘beyond. the
first OH-58A FY 68 configuration; thereforée, no rellabrllty
growth could bé shown.

‘DATA TYPE

Component -Overhaul Data

Data Description

BHC Rellablilty Engineering Group has files of Major Component
Overhaul Data from overhauls at BHC and ARADMAC. The ARADMAC
data, supplied on listings from ‘the -Army, are keypunched and

.added to the BHC files. The data are stored on two magnetic

tape files. (five reels) except for 12 file drawers of com-
pleted OSM. 634 forms. One file, W6400, contains removal data
including alrcraft serial number, part number, time, component
serial number; and othér information related to the removal
for overhaul. The second’ flle, Z500, contains .a record of
each part replaced duririg overhaul on a major componenet in
the W6400 file, including the reason for replacément.

Intended Usé in This Study

These data were reviewed to determine if they could be used
for configuration traceability of major componénts used on the
aircraft models involved in this study. Other possible uses
1ncluded component faj.lure identification, component time, and

aircraft time.

Results

It was determined from the review that the data are accurate
enough and complete enough to be used as intended; however,
because the data are applicable to only a relatively few

-components per aircraft, and because the large volume of data

is not readily researched, they were not used.
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begin soon. A rellablllty and maintainability monitoring

“ APPFNDIX”C

APPLICATION :OF THE RELIABILITY PROWTH PREDICTION
TECHNIQUE TO A HYPOTHETICAL HELICOPTER

The reliability growth prediction technique developed in
Section 4.0 of this study has been applied to a hypothetical
hellcopter. Three different §ituations will be presented to
illustrate the use of the predlctlon technique. The following
will be -common to the first two situations. A new helicopter
has been de51gned and fabricated. Several prototype aircraft
have been flight tested and initial production ‘deliveries will

program will use the first 30 helicopters available. The 30
helicopters will f1y .an average of 40 flight hours or more per
nmonth. 'The data from these sample aircraft will be used in a
concerted, organized -effort of problem 1dent1f1cat10n and
corrective action.

Situation #1. Through flight test of the prototype aircraft 5
and predictions based on design change: to be incorporated on
the production alrcraft, the off-board MTBF has béen determined
to be 5.5 hours. Thé minimum acceptable MTBF is ‘8.4 hours.

How much rellablllty testing w1ll bé required to achleve the
minimum acceptable MTBF?

\ MTBF -\
Given: Tt = 1l - M—Tﬁ‘? .139
- B
MTBFOB 5.5
B =
MTBHR 8.4
Find Tt:

_{, _ 5.5nr
Tt =11 8.4 hr 71139

Tt = 2.5 calendar yeats
Test hour accumulation on the monitored fleet, THR’ will be
= = 3 1200 hr
THR = (2.5 calendar yrs) x 12 mo/calendar yr x e
Typ = 36,000 flight hours
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' Situation #2. Through fllght test of the prototype aircraft
R and through predictions based on design changes to be incor-
) porated. on the '‘production aircraft, the off-board MTBF has
‘been detérmined to be 9.0 hours. Funds ‘have; been allocated
for a 2~ 1/2-year M&R program. What will be the MTBF achieved
with 2-1/2 years of testing?

-

L ‘x
et

MTBF .
o {; _ " ""oB"
Given: Tt -"l MTEF
SER
Tt = 2-1/2 years
. : HTBFp = 9.0 ‘ )
Find MTBF: ‘
MTBF o
MIBFp = T— 139 7.
| €
§ . 9.0
‘ MIBFg = T=139(2.5)
MTBF, = 13.8 hr

Situation #3. A new helicopter is being designed. The mature
MTBF requirement is 10.0 hours. There will be a reliability
monitoring program funded for 4 calendar years beginning with
production deliveries. What is the minimum off-board MTBF that
must be achieved from the design effort and prototype testing
to meet the mature MTBF requirement in 4 calendar years of

testing?
MTBF
. . — _ OB 3
Given: Tt = (1 ﬁTﬁfg— //<139
MTBF; = 10.0
Tt = 4.0
166
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Find MTBFOB: , - ,

‘ MTBFOB = (MTBFR)(l = .lB?th)
R - = (T : ‘_ .29-(4)
" MTBFOB ; (X0) (1 .139(4)).
:;”»’:'4
E?: A ) . M}I‘BFOB = 4.4 hr

How many calendar years of growth does this represent?

3 )
AR .Given:. . T. = 1.618T . A !
L g s t

T, =.4

‘Find: -p-

-3,
It

1.618(4)

+3
It

6.5 years

3 g9
. “‘) ‘

2 ' ‘:

;! }

<
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GLOSSARY

Baseline Failure Rate (Ab) is the sum of the failure

rates of parts that are common to a group of similar
items, e.g., components common to difféerent fiscal year

‘‘‘‘‘

production blocks of alrcraft of :thé tame model.

Comgonent is a basic assembly .or part whlch performs: a
function.

Failure is the inability of a component or system to
satisfy performance or design specifications, given that
the equipment has previously expérienced successful
operation or accéptancé or has thé expectation of .suc=
cessful performance without adjustment, rework,; or
replacement. Maintenance actions resulting from assembly
error by the manufacturer are considered fallures. Main-
tenance actions resulting from unsatlsfactory part condi-
tions ‘that are not caused by (1) maintenancé or operating
personnel (2) objects' external to the aircraft, or (3)
failures of components in another helicopter subsystem
are considered failures.

Failure Rate (A) is the number .of failurés peér unit time,

_ Failures
Flight Hours

assuming that failure distribution of time to failure
is' exponential,

Helicopter System is the helicopter, consisting of
all its systems.

Mean-Time-Between~Failurés (MTBF) is the average opera-
tional flight time in hours (for fleet or sample) between
failures. It is determined by dividing the total observed
or monitored flight time by the number of failures observad

during that flight time.

Flight Hours
Failures

MTBF =

Observed Reliability is the reliability of the sample
of aircraft calculated using the number of failures.
observed and fllght hours accrued during a defined
elapséd calendar time.
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11.

12.

13.

GLOSSARY - Conciuded

Off-board MTBF :is the MTBF of a design that has been

‘successfully translated into fllght-quallty hardware.

Qo =

For helicopters, the first flight is the time that the
design is considered off-board.

Production Effectivity is the identification, by first
delivered aircraft tail number for the fiscal year of

production; of the production incorporation of design

changes.

Reliability Growth is the increéase in reliability with
time.

Subsystem is an installation or assembly of one or more
components which. performs- a function within a helicopter
system.

System.Reliability is the probability that the end item
(hellcopter) will fly for a specified time without in-
curring a failure in any subsystem or component which
would requiré unscheduled maintenance.

o. If reliability growth can be shown as a straight line
or lines on log-log paper, then o is the slope.

log  (y1/¥)

;ogexxl/fT » where (x,y) and(x,, y;) are two points

on a line with a slope of a.

169 5123-76




